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ABSTRACT.
Measvirements have heen made on v i s c o s i t y ,  d e n s i ty ,  
s t a t i c  d i e l e c t r i c  co n s ta n t  and d i e l e c t r i c  c o n s tan t  a t  
3 .279 cm and 0.847 cm. For some l i q u id s  measurements 
have a ls o  been made a t  29.89 cm and 19.88 cm. The 
c r i t i c a l  w avelength  has been c a lc u la te d  from th e  r e s u l t s  
and i t s  tem p era tu re  dependence compared w ith  t h a t  of 
v i s c o s i t y .
The p re se n t  v i s c o s i t y  measurements a llow  in v e s t ig a t io n  
of th e  dependence of v i s c o s i t y  of l i q u id s  on tem p era tu re  
over a g re a t  range of te m p e ra tu re ,  and th e  v i s c o s i t y  a t
normal p re s su re  of a  l a r g e  number of l i q u id s  can be
I 4
d e sc r ib e d  s u c c e s s f u l ly  by B a ts c h in s k i  s r e l a t i o n  7 ~
where A and b a re  c o n s ta n ts  and V i s  th e  s p e c i f i c  volume.
No d i s c o n t in u i ty  i s  apparen t between o rd in a ry  l i q u id  
and supercoo led  l i q u id  s t a t e s .
R easonably  c o n s i s te n t  v a lu es  of c r i t i c a l  wavelengths 
a re  o b ta in ed  from th e  two ex p e rim en ta l  w avelengths over 
a range of tem p era tu re  from +50^0 to  - 50^0 , except f o r  
lodobenzene, Q uinoline and i s o - q u in o l in e .  The measurements 
done f o r  th e s e  t h r e e  l i q u id s  a t  w avelengths of 29.89 cm 
and 19.88 cm suggest t h a t  th e r e  may be a  second d is p e r s io n
re g io n  le a d in g  to  abnorm ally  h igh  v a lu es  of a t  
th e  s h o r t e r  w aveleng ths.
The r e s u l t s  a l s o  suggest t h a t  i n  a l l  ca ses  s tu d ie d  
l e s s  f r e e  volume i s  r e q u ir e d  f o r  m o lecu la r  r o t a t i o n  
th an  f o r  v isco u s  flow  so t h a t  th e  c r i t i c a l  wavelength 
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61. INTRODUCTION
When a non-conducto r i s  p laced  between th e  p l a t e s  of 
a  charged condenser, i t  reduces  th e  p o t e n t i a l  d i f f e r e n c e  
between them. The e f f e c t  i s  c h a ra c te r iz e d  by th e  
d i e l e c t r i c  co n s tan t  of th e  su bs tance  and i s  a t t r i b u t e d  
to  th e  r e - d i s t r i b u t i o n  of th e  charges in  th e  substance  
( p o l a r i s a t i o n )  by th e  a c t io n  of th e  e l e c t r i c  f i e l d  between 
th e  p l a t e s .  This commonly occurs i n  two ways : f i r s t l y ,  
by th e  r e d i s t r i b u t i o n  of e l e c t r i c  charges  w i th in  th e  
m olecules or atoms, p roducing  an e l e c t r i c  moment i n  th e  
d i r e c t i o n  of th e  e x te r n a l  f i e l d  ( d i s t o r t i o n  p o l a r i s a t i o n ) ;  
second ly , by th e  o r i e n t a t i o n  of permanent m o lecu lar 
moments, which in  th e  absence of e x te r n a l  f i e l d  have aA
random o r i e n t a t i o n  and so produce no r e s u l t a n t  moment
I
( o r i e n t a t i o n  p o l a r i s a t i o n )  (Debye "P o la r  M olecu les" ) .
I f  th e  e x te r n a l  f i e l d  does n o t a l t e r n a t e  w ith  too  h ig h  a 
frequency , th e  f i r s t  e f f e c t  i s  always p r e s e n t .  Substances 
whose m olecules p o ssess  permanent e l e c t r i c  moments a ls o  
e x h ib i t  th e  second e f f e c t ,  ag a in  prov ided  th e  freq uen cy  
i s  no t to o  h ig h . Such su b s tan ce s  a re  c h a ra c te r iz e d  by 
h igh  d i e l e c t r i c  c o n s ta n ts  ( e .g .  ch lo roform  4. 7 , 
w ate r 79 . 5 , compared w ith  th e  n o n -p o la r  su bs tance
benzene 2 .2 7 ) .  As th e  frequency  of th e  e x te r n a l  f i e l d  
i s  in c re a s e d ,  a p o in t  i s  reached  beyond which i t  i s  not 
p o s s ib le  f o r  th e  p o la r  m olecules to  a l t e r n a t e  in  phase 
w ith  th e  f i e l d  owing to  th e  r e s i s t a n c e  to  t h e i r  motion 
produced by th e  su rround ing  m olecu les . The m olecu lar 
moments la g  behind th e  f i e l d  w ith  a consequent a b so rp t io n  
of energy and re d u c t io n  of th e  d i e l e c t r i c  c o n s ta n t .  This 
observed la g  iTi th e  a t ta in m e n t  of e q u i l ib r iu m  i s  r e f e r r e d  
to  as ‘ re la x a t io n *  and th e  r e l a x a t io n  tim e T of th e  
system i s  de f ined  as th e  tim e re q u ire d  f o r  th e  o r i e n t a t i o n  
p o l a r i s a t i o n  to  f a l l  to  of i t s  e q u i l ib r iu m  value 
when th e  a p p lied  f i e l d  i s  removed. At s u f f i c i e n t l y  h igh  
f re q u e n c ie s  th e  o r i e n t a t i o n  p o l a r i s a t i o n  v a n ish es ,  and 
when o p t i c a l  f re q u e n c ie s  a re  reached  only  th e  d i s t o r t i o n  
p o l a r i s a t i o n  rem ains. For t h i s  rea so n  th e  d i s t o r t i o n  
p o l a r i s a t i o n  i s  a ls o  c a l l e d  th e  * o p t i c a l  p o la r isa t io n * .
The p o l a r i s a b i l i t y  (<<) of a m olecule i s  de f in ed  as 
th e  average , over a s u f f i c i e n t  le n g th  of t im e , of th e  
e l e c t r i c  moment acq u ired  p e r  u n i t  ap p l ied  f i e l d .  In  th e  
case of a p o la r  m olecule t h i s  i s  made up of two p a r t s ;  
th e  p o l a r i s a b i l i t y  due to  d i s t o r t i o n  (oCj and t h a t  due 
to  o r i e n t a t i o n .  Debye has shown t h a t  th e  average moment
%i n  th e  d i r e c t i o n  of th e  f i e l d ,  due to  th e  o r i e n t a t i o n  of 
th e  permanent moment (n) of a  m olecu le , i s
" 3KT
i n  a s te a d y  o r i e n t a t i n g  f i e l d  P which i s  sm all  so t h a t  
tJL F
« 1  , K be ing  Boltzinan*s c o n s ta n t ,  and T th e  a b so lu te  
te m p e ra tu re .  F i s  th e  l o c a l  f i e l d  a t  th e  m olecule and i s  
no t i n  g e n e ra l  equa l t o  th e  e x te r n a l  a p p l ie d  f i e l d .  The 
t o t a l  p o l a r i s a b i l i t y  i s  th e n
oc = CX^  +
Debye a ls o  c a lc u la te d  ( fo llo w in g  th e  method of E ins te in*  s
th e o ry  of th e  Brownian movement) th e  average moment in
th e  d i r e c t i o n  of th e  f i e l d  produced by th e  o r i e n t a t i o n  of
a p o la r  m olecule in  an a l t e r n a t i n g  f i e l d  F = , as
-  1-  =
^  = l+ jw T  SKT r
and in  t h i s  case th e  p o l a r i s a b i l i t y  becomes
^  ^
1 + jüuT 3KT
The c a lc u la t i o n  i s  based  on th e  assum ption t h a t  a  m olecule
ddr o t a t i n g  w ith  an a n g u la r  v e l o c i t y  exp e rien ces  a 
r e s i s t i v e  to rq u e ,
due to  th e  su rround ing  m o lecu les , where i s  a c o n s tan t  
m easuring th e  * in n e r  f r i c t i o n * , and
A _
-  2KT
An in v e s t i g a t io n  of th e  behav iou r of p o la r  su b s tan ces  
a t  f re q u e n c ie s  a t  which th e  d i e l e c t r i c  c o n s tan t  i s  f a l l i n g  
from i t s  s t a t i c  va lue  to  i t s  o p t i c a l  va lue  w i l l  y ie ld  
in fo rm a tio n  about th e  fo rc e s  which a re  ex e r ted  on a 
r o t a t i n g  m olecule by i t s  n e ig h b o u rs . C onversely , 
knowledge of th e  fo rc e s  of in n e r  f r i c t i o n  w i l l  a llow  th e  
c a lc u la t i o n  of th e  r e l a x a t io n  tim e by assuming t h a t  th e  
r o t a t i n g  m olecule may be reg arded  as a sphere  of m olecu la r  
dimensions of r a d iu s  * a* r o t a t i n g  in  a  v isco u s  medium 
which has th e  v i s c o s i t y  of th e  sub s tan ce  in  b u lk ,  t h a t  i s
Prom t h i s  Debye c a lc u la te d  t h a t  f o r  w ate r
T = O.'IS X sec
so t h a t  anomalous d i s p e r s io n  i s  t o  be expected  a t  
f re q u e n c ie s  in  th e  neighbourhood of
I 4-10
LL»o = 0.15 ^ Sec"
i .  e. a t  c e n tim e tre  w av e-len g th s . I t  i s  th u s  to  be
expected  t h a t  many l i q u id s  w i l l  show anomalous d i s p e r s io n  
in  th e  micro-wave re g io n  of th e  spectrum .
R e la t io n  between th e  d i e l e c t r i c  c o n s ta n t  and th e  p o l a r i s a b i l i t y  
A ctua l measurements do no t y i e ld  th e  p o l a r i s a b i l i t y  
d i r e c t l y .  The q u a n t i t i e s  measured a re  r e l a t e d  t o  th e  r e a l
10
and im ag inary  p a r t s  of th e  d i e l e c t r i c  c o n s ta n t  (which i s
complex in  th e  re g io n  of anomalous d i s p e r s io n  because th e
p o l a r i s a t i o n  i s  out of phase w ith  th e  f i e l d ) .  To f in d
th e  p o l a r i s a b i l i t y  in  term s of th e  d i e l e c t r i c  co n s tan t  i t
i s  n e c e s s a ry  to  make some s im p li fy in g  assum ption which
w i l l  a llow  th e  l o c a l  f i e l d  P experienced  by  a m olecule to
be c a lc u la te d  in  term s of th e  e x te r n a l  f i e l d  and th e  bu lk
p r o p e r t ie s  of th e  d i e l e c t r i c .
/
Debye* s method was to  imagine a  sphere  drawn in  th e  
su b s tan ce  about a p a r t i c u l a r  m olecu le , th e  ra d iu s  of th e  
sphere  b e in g  sm all compared w ith  m acroscopic dimensions 
b u t l a r g e  compared w ith  m o lecu la r  d im ensions. The f i e l d  
a c t in g  on th e  m olecule was con s id e red  to  c o n s is t  of 
th r e e  components: th e  e x te r n a l  f i e l d ,  th e  a d d i t io n a l  
f i e l d  due to  th e  p resence  of th e  m a te r i a l  o u ts id e  th e  
sm all sp h ere , and th e  f i e l d  due t o  th e  p resence  of th e  
m a te r i a l  in  th e  sp h e re .  Debye th e n  made th e  f u r t h e r  
assum ption t h a t  th e  t h i r d  component i s  ze ro , and so found 
t h a t
P b e in g  th e  f i e l d  a c t in g  on th e  m olecu le , E th e  e x te r n a l  
f i e l d  and I  th e  p o l a r i s a t i o n  of th e  medium. The 
p o l a r i s a t i o n  i s  th e  e l e c t r i c  moment p e r  u n i t  volume
l l i
produced by th e  f i e l d .  I f  t h e r e  a re  m olecules per 
u n i t  volume,
I ~ inot F
Since th e  d i e l e c t r i c  c o n s ta n t  i s




where M i s  th e  m o lecu la r  weight and p  th e  d e n s i ty  of th e  
su b s tan ce  and N i s  Avagadro* s number.
This argument does no t ta k e  in to  account th e  e f f e c t  
of th e  d ip o le  under c o n s id e r a t io n  on th e  surrounding  
medium, except in  so f a r  as th e  bu lk  p r o p e r t ie s  of th e  
medium a re  determ ined by th e  averaged e f f e c t  of a l l  such 
d ip o le s ,  and f o r  t h i s  re a so n  cannot be expected  to  app ly  
to  pure p o la r  l i q u id s  though i t  may be a re a so n ab ly  good 
approx im ation  f o r  d i l u t e  s o lu t io n s .
The im p o s s ib i l i ty  of app ly in g  th e  Debye equ a tio n  to  
l i q u id s  of c o n s id e ra b le  p o l a r i t y  becomes ev iden t when an 
a ttem pt i s  made to  use i t  to  c a lc u la t e  th e  d ip o le  moment 
from th e  d i e l e c t r i c  c o n s ta n t  of th e  pure l i q u i d .  I f  we 
ta k e  th e  measured d i e l e c t r i c  c o n s tan t  of w ate r as 80, th e  
d e n s i ty  as 1 , and n e g le c t  th e  sm all induced moment, th e
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in c lu s io n  of which would low er th e  c a lc u la te d  moment
va lue  a l i t t l e ,  th e  Debye eq u a tio n  g iv es  a  moment value
0.95 X 10 e . s . u .  f o r  th e  m olecule as compared to  th e
-1%
value  1 .84  x 10 measured in  th e  vapour s t a t e .  Water i s  
r a t h e r  an e x c e p t io n a l  ca se ,  owing to  th e  e f f e c t s  of 
hydrogen bonding, bu t s im i l a r  c o n s id e r ta t io n s  app ly  to  
o th e r  l i q u i d s .
A g e n e ra l  d i f f i c u l t y  in  th e  a p p l ic a t io n  of th e  
Debye equ a tio n  to  p o la r  l i q u id s  becomes ev iden t i f ,  
n e g le c t in g  th e  induced p o l a r i s a t i o n  f o r  th e  sake of 
s im p l i c i ty ,  we w r i te
av\d
G — < k  TTVv





According to  t h i s  eq u a tio n , when T becomes equal
to  T^ , 6 becomes i n f i n i t e l y  l a r g e ,  t h a t  i s ,  should
z
be a c u r ie  p o in t .  Van Vleck has p o in ted  out t h a t  t h i s  
does no t a c tu a l l y  mean t h a t  th e  d i e l e c t r i c  c o n s tan t  
must r e a l l y  in c re a s e  w ithou t l i m i t ,  b u t ,  r a th e r ,  t h a t  a t  
tem p e ra tu re s  below th e  p o l a r i s a t i o n  cannot be t r e a t e d  
as l i n e a r l y  dependant upon f i e l d  s t r e n g th ,  as assumed in  
th e  d e r iv a t io n  of th e  Debye eq u a tio n , s in c e  s a t u r a t i o n
13
e f f e c t s  should  occur, p roducing  an e l e c t r i c  analogue of 
fe rrom agnetism , t h a t  i s ,  a s t a b l e  s t a t e  of permanent 
e l e c t r i c  p o l a r i s a t i o n .  In  th e  case of w a te r ,  p u t t in g  
th e  v a lu es  of c o n s ta n ts  in to  th e  above eq u a tio n  g ives  
= 1 ,140 , which means t h a t ,  i f  th e  Debye eq u a tio n  were 
a p p l ic a b le ,  w a te r  should  show f e r r o e l e c t r i c  behav iou r 
th roughout i t s  l i q u id  ran g e . For most su b s tan ces  i s  
sm a lle r  th a n  w ate r , which would lower th e  va lue  of 
but s t i l l  r e q u i r e  f e r r o e l e c t r i c  behav iou r of most p o la r  
l i q u i d s .
3
Onsager has c a lc u la te d  th e  r e l a t i o n  between th e  bu lk  
p r o p e r t i e s  and th e  p o l a r i s a b i l i t y  i n  a s l i g h t l y  d i f f e r e n t  
way. He c o n s id e rs  th e  c e n t r a l  d ip o le  as b e in g  in  a
s p h e r i c a l  ho le  of m o lecu la r  r a d iu s  i n  a  medium which has
th e  bu lk  p r o p e r t ie s  of th e  su b s tan ce ,  and c a lc u la te s  th e
f i e l d  a t  th e  d ip o le  in  two p a r t s :  f i r s t l y ,  th e  f i e l d  in
th e  c a v i ty  due to  an e x te r n a l  f i e l d ,  i n  th e  absence of 
th e  c e n t r a l  d ip o le ,  and, second ly , th e  f i e l d  due t o  th e  
p o l a r i s a t i o n  of th e  w a l ls  of th e  c a v i ty  by th e  c e n t r a l  
d ip o le .  The moment of th e  d ip o le  i s  determ ined by i t s  
permanent moment and th e  moment induced in  i t  by th e  f i e l d  
in  th e  c a v i ty .
14
In  t h i s  way Onsager a r r iv e s  a t  th e  eq u a tio n ,
6 - L  __ Y?"- '  _  3  6 TT rV/\ )
G+Z d  d  (ZG 4 - \ ^ ) ( G 4 - Z )  T
where G i s  th e  d i e l e c t r i c  co n s tan t  of th e  hu lk  m a te r ia l ,  
i s  th e  permanent e l e c t r i c  moment of th e  m olecu le , and 
*n* i s  th e  * i n t e r n a l  r e f r a c t i v e  index* of th e  p o la r  
m olecu le , d e f in ed  in  term s of th e  o p t i c a l  p o l a r i s a b i l i t y
where a  i s  th e  m o lecu la r  r a d iu s .
Onsager* s eq u a tio n  d i f f e r s  from t h a t  of Debye by 
3 G
th e  f a c t o r  4^ %) » Since yu. of th e  Debye
eq u a tio n  i s  no t d i s t in g u is h e d  from /^o of th e  Onsager 
eq u a tio n . As 6 approaches , t h i s  f a c t o r  approaches 1,
i . e .  th e  d i f f e re n c e  between th e  two eq u a tio n s  approaches 
ze ro .
4
Kirkwood has p o in ted  out t h a t  h indered  r o t a t i o n  
must p la y  a p a r t  in  th e  d i e l e c t r i c  p o l a r i s a t i o n  of p o la r  
l i q u i d s .  He has g e n e ra l iz e d  th e  Onsager th e o ry  by 
e l im in a t in g  th e  approxim ation  of a  uniform  l o c a l  d i e l e c t r i c  
co n s tan t  i d e n t i c a l  w ith  a m acroscopic d i e l e c t r i c  c o n s tan t  
of th e  medium, o b ta in in g
-  I )  _  l+TTM('o<  ^ ^  ^
where ^  i s  th e  m olecu la r  d ip o le  moment in  th e  l i q u id  and /Â
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i s  th e  sum of th e  m o lecu la r  d ip o le  moment and th e  moment 
induced as th e  r e s u l t  of h in d ered  r o t a t i o n  i n  th e  
s p h e r i c a l  re g io n  su rro und ing  th e  m o l e c u l e , m a y  he 
re p la c e d  hy
/ r  = 9/
The c a lc u la t i o n  of th e  param eter g i s ,  i n  p r i n c i p l e ,  
p rovided  f o r  hy s t a t i s t i c a l  m echanics, bu t i s  u s u a l ly  
p reven ted  by i n s u f f i c i e n t  knowledge of l i q u id  s t r u c t u r e .
Kirkwood*s e q u a tio n , however, i s  in c o r r e c t  because
an in c o r r e c t  approx im ation  i s  used f o r  th e  l o c a l  f i e l d
in  c a lc u la t i n g  th e  d i s t o r t i o n  p o l a r i s a b i l i t y .
s
By s t a t i s t i c a l  re a so n in g  P ro h l ic h  has o b ta in ed  a 
more g e n e ra l  e x p re ss io n  which can be w r i t t e n  
<ç_i K -a"-» _ 3 6 C'A-vO 4TT
^ 4 - 2 .  d  V \ " + Z  d  ( 2.6 + v ^ )  ( 6 + Z ^  7
This eq u a tio n  i s  i d e n t i c a l  w ith  Onsager* s ,  except 
t h a t  i s  r e p la c e d  by 3 /^o
I t  i s  ev id en t t h a t  Kirkwood*s eq u a tio n  r e p re s e n ts  
a  t h e o r e t i c a l  advance beyond th e  Onsager eq u a tio n , in  
t h a t  i t  ta k e s  in to  account th e  h in d rance  of m o lecu la r  
o r i e n t a t i o n  by n e ighb ou ring  m olecu les . S ince , however, 
th e  c o r r e l a t i o n  param eter g which ex p resses  t h i s  e f f e c t  
can be c a lc u la te d  only  rou g h ly  from knowledge of th e
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l i q u id  s t r u c t u r e ,  which i s  u s u a l ly  la c k in g ,  th e  p r in c ip a l
va lue  of th e  eq u a tio n  c o n s i s t s  in  th e  in t ro d u c t io n  of a
c o r r e c t io n  f a c t o r  which i s  no rm ally  em perica l.  Kirkwood
p o in ts  out t h a t  th e  d e p a r tu re  of g from u n i ty  i s  a
measure of th e  degree of h ind ered  r e l a t i v e  m o lecu la r
r o t a t i o n  a r i s i n g  from s h o r t - r a n g e  in te rm o le c u la r  f o r c e s .
* Normal* l i q u id s  show v a lu es  of ^ which do no t d ep a rt
much from u n i ty ,  w hile  * abnormal* or * assoc ia ted*  l iq u id s
show v a lu es  which d ep a r t  s i g n i f i c a n t l y  from u n i ty .  Like
th e  Onsager eq u a tio n , th e  Kirkwood eq u a tio n  c o n ta in s  th e
approxim ation  invo lved  in  t r e a t i n g  th e  p o la r  m olecules
as s p h e r i c a l ,  whereas P ro h l ic h  avo ids t h i s  approxim ation
by t r e a t i n g  th e  l i q u id  as made up of r i g i d  d ip o le s  in  a
continuum having th e  a p p ro p r ia te  o p t i c a l  p o l a r i s a b i l i t y .
i
A group of measurements upon a c o n s id e ra b le  number 
of pure l i q u id s  has been used to  compare th e  Debye, 
Onsager and Kirkwood eq u a tio n s  w r i t t e n  in  th e  form s:
Debye





Since th e ie  i s  no way of c a l c u la t i n g  g w ith  
accu racy , i t  i s  lumped w ith  th e  moment. The fo llo w in g
1 o
t a b l e  shows a comparison of d ip o le  moments (x 10 )
c a lc u la te d  by Debye, Onsager and Kirkwood eq u a tio n s  
w ith  observed v a lu es  a t  25^0. The va lue  ob ta ined  a.re s e n s i t i v e  
to  th e  va lue  chosen f o r  n , which in tro d u c e s  some u n c e r ta in ty .
Substance Dehye Onsager Kirkwood Observed
E th y l Bromide 1.28 1.80 1.90 2.02 (gas)
n -B u ty l  Bromide 1 .41 1 .80 1.92 2.15 (gas)
t - B u ty l  Bromide 1 .62 2.39 2.40 2.21  ( s o lu t io n )
Chlorohenzene 1 .22 1.45 1.54 1.72 (gas)
Bromohenzene 1.17 1.37 1.52 1.77 (gas)
ot-C hloronaphthalene 1 .20 1.35 1.33 1.50  ( s o lu t io n )
oC-Bromonaphthalene 1.13 1.25 1.29 1.48 ( s o lu t io n )
The r e l a x a t io n  tim e
The r e l a x a t io n  tim e i s  a  q u a n t i ty  which i s  indepen­
dent of th e  ex p re ss io n  f o r  th e  i n t e r n a l  f i e l d .  The 
s ig n i f i c a n c e  of T can be i l l u s t r a t e d  by re fe re n c e  to  
D ebye 's th e o ry  of th e  d i e l e c t r i c  r e l a x a t io n  of a  v isco u s  
l i q u i d .  T i n  t h i s  case  i s  r e l a t e d  to  mean square  an g u la r  
d e v ia t io n  of a  m olecule in  a  g iven  tim e and i s  of th e  
o rd e r  of magnitude of th e  tim e re q u ire d  f o r  a  g iven
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m olecu le , i f  f ix e d  and r e le a s e d ,  to  r e v e r t  t o  random 
o r i e n t a t i o n  in  th e  absence of r e s u l t a n t  m acroscopic 
p o l a r i s a t i o n  due to  th e  su rround ing  m o lecu les . On th e  
o th e r  hand, th e  measured q u a n t i ty  i s  th e  m acroscopic 
d i e l e c t r i c  c o n s ta n t  ( e  = e * -  L e ' ) ,  and i f  th e  decay of 
th e  m acroscopic p o l a r i s a t i o n  of th e  d i e l e c t r i c  w ith  
tim e i s  e x p o n e n tia l  i t  i s  found t h a t ,  i n  an a l t e r n a t i n g  
f i e l d  of frequency  co^
Ce - e j  ^ _ J ___
\ + LwT%, ( l )
The p lo t  of g" v e rsu s  co ob ta ined  by t h i s  equa tion  
has a maximum when I i . e .  ;pr^  where
i s  d e f in ed  as th e  c r i t i c a l  a n g u la r  f requ ency . i s  
th en  th e  e x p e r im e n ta l ly  measured q u a n t i ty ,  th e  macro­
scop ic  r e l a x a t io n  tim e o r decay t im e .
3
Debye, Onsager and Powles have worked out r e l a t i o n s  
between th e  r e la x a t io n  tim e and decay tim e f o r  v a r io u s  
i n t e r n a l  f i e l d s .
(a) Debye :
/
In  h i s  th e o ry  of d i e l e c t r i c  r e l a x a t io n  Debye has 
used i m p l i c i t l y  th e  i n t e r n a l  f i e l d
F -  E
where e  i s  th e  complex d i e l e c t r i c  c o n s tan t  and i s
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frequency  dependent. This le a d s  t o  Dehye* s eq ua tion
(G -  Goo) _   ^
(6 . - 0  I +
(where =Microscopic r e l a x a t i o n ’ time) 
which has th e  same form as ( l )  w ith
rf ,
M (6,  +Z) V
Dehye*s equation  f o r  a s in g le  m icroscop ic  r e la x a t io n  
time th e r e f o r e  co rresponds to  ex p o n e n tia l  r e la x a t io n  
of p o l a r i s a t i o n  w ith  a decay tim e T • The f a c t o r
é  4- %—  may he q u i te  l a r g e .  However, th e  evidence from 
th e  c a lc u la t i o n  of d ip o le  moments from s t a t i c  d i e l e c t r i c  
c o n s ta n ts  su g g es ts  t h a t  th e  form of th e  i n t e r n a l  f i e l d  
assumed he re  i s  n o t v a l id .
(h) Onsager -  Pole :
7
Pole has g iven  a m odified  form of th e  Dehye th e o ry  
in  which he p u ts  f o r  th e  i n t e r n a l  f i e l d  in  th e  a l t e r ­
n a t in g  c u r re n t  case
3 G Ep % in  analogy  to  th e  s t a t i c  case
where F i s  th e  f i e l d  in  an a c tu a l  s p h e r i c a l  c a v i ty  in  
th e  d i e l e c t r i c .  For G, one o b ta in s
(6 -  é J U c -  + 6*) _ (6. -  + 6j
G \ 4
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This c o n ta in s  th e  i m p l i c i t  assum ption t h a t  th e  r e a c t io n  
f i e l d  i s  a l s o  now determ ined  by € r a t h e r  th a n  6 .^ This 
eq u a tio n  compared w ith  ( l )  shows t h a t  =  ^ju..
S u b s t i tu t in g  ( l )  in  th e  Cole eq u a tio n  .
1  _ _ _
f  = ^  +
E. 2e + \ 26o + i 1 + ” \ l 6o+ >/-
Thus th e  f i e l d  in  a r e a l  c a v i ty  in  a medium c h a ra c te r ­
ized  by a decay tim e r e la x e s  w ith  a decay tim e 
^  Oy(^^o“^ 0]  i .  e. more s low ly  th a n  th e
p o l a r i s a t i o n  in  a con tinuous  medium.
(c) P ow les;
Powles assumes f o r  an i n t e r n a l  f i e l d  F
& 4-2CJrl
3feo - _  3 
2€<,+ l ie.,+ 1 1 + e ^ r ’
where T i s  y e t unknown.
This le a d s  f o r  an ex p re ss io n  f o r  e ,
e  -  _ 2 feo + 6 l + 2€^■^€  ^ I
«0 "  e’ to
and t h i s  reduces to  th e  form ( l )  i f
r *  * T
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i n  which case one can w r i te  
e - e_
~ 0^0
^  _  /  363 ^
Hence th e  i n t e r n a l  f i e l d  w ith  T  = 7^ +
g iv es  f o r  a p ro cess  w ith  a s in g le  r e l a x a t io n  tim e a 
d i e l e c t r i c  b ehav io u r c h a ra c te r iz e d  by a s in g le  decay 
t im e . For t h i s  i n t e r n a l  f i e l d  th e  tendency  of th e  
p o l a r i z a t io n  to  m a in ta in  i t s e l f  i s  much l e s s  th a n  f o r  
th e  Debye e x p re ss io n , and th e  maximum e r r o r  in c u r re d  
i n  assuming and ^  i d e n t i c a l  i s  33 p e r  c e n t ,  which 
i s  l i k e l y  to  be of l i t t l e  s ig n i f i c a n c e  in  r e l a t i n g  1'^ 
to  m olecu la r  p ro c e s s e s .  In  th e  a n a ly s i s  of v a r i a t i o n  
of T^with tem p era tu re  th e  use of 'F r a t h e r  th a n  Tjo., 
n e g le c t in g  p o s s ib le  v a r i a t i o n s  of and ^  w ith  tem perature^ 
le a d s  to  a deduced v a lue  of th e  en tro p y  of a c t iv a t i o n  
to o  sm all by 0 .8  ca l/^C /m ole  a t  th e  m ost. There i s ,  
however, no r e a l  j u s t i f i c a t i o n  f o r  th e  assum ption made 
h e re  t h a t  th e  d i e l e c t r i c  p o l a r i s a t i o n  must be c h a ra c te r iz e d  
by an e x p o n e n tia l  decay .
I t  i s  th e r e f o r e  p o s s ib le  to  r e p re s e n t  th e  b ehav iou r 
of a l l  d i e l e c t r i c s  by ( l ) ,  and by c o n s id e r in g  Y in s te a d  
of th e  e r r o r  in c u r re d  i s  ex trem ely  sm all .
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D is t r ib u t io n  of R e la x a t io n  Time
I f  a m olecule i s  no t s p h e r i c a l  th e  p ro cesses  of
o r i e n t a t i o n  about d i f f e r e n t  axes should  r e q u ir e
d i f f e r e n t  r e l a x a t io n  t im e s . Thus in  Debye*s eq u a tio n
f o r  a complex p o l a r i s a t i o n  which i s
i j H  21 _ 4-irN ^  >
e + Z  (L 3  o qiRT \
a. 2 a  ^
I W ill have to  be replaced by '^ÎT^ 3
where and a re  th e  components of ^  along
th e s e  axes and 7^  ^7^  and a re  th e  co rrespond ing  
r e la x a t io n  times?.'and s i m i l a r l y  in  th e  o th e r  eq u a tio n s .
V a r ia t io n  in  th e  l o c a l  environment of th e  m olecules 
may a lso  g ive  r i s e  to  v a r i a t i o n s  i n  th e  r e la x a t io n  
t im e s .
In  th e  case of a  s in g le  r e l a x a t io n  tim e Debye* s 
th e o ry  g iv es
^  ^  7 1 ^  ( 2 )
which can be w r i t t e n
\ (^ o  \ c-
e ■ T Æ Î T  ' '  (3)
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i
Cole and Cole developed an e q u a tio n  f o r  é ,  in  
th e  p re s e n c e .o f  a  d i s t r i b u t i o n  of r e l a x a t io n  t im es  
r e s u l t i n g  in  a m o d if ic a t io n  of e q . ( 2 ) t o  g iv e
Go -
I - K p t . r
where i s  th e  most p ro b ab le  r e l a x a t io n  tim e c o r r e s ­
ponding to  th e  f re q u en cy  a t  which G = and c< i s
an em p er ica l  c o n s ta n t  w ith  v a lu e s  between 0 and 1 , 
a measure of th e  d i s t r i b u t i o n  of r e l a x a t io n  t im e s .
T h is  le a d s  t o  th e  fo l lo w in g  e q u a tio n s  in s te a d  
o f ( 2 ) and (3 ).
' X  + S0Jk[O-'<^xl ?
“ 0» 1 1^ ' j  (S')
and
H _  ( 6 . - C - j G r s ( » < T r / ^ ) __________
^ 1  +  SCv\(< %  )j
when X - . fOien < = 0  th e s e  e q u a tio n s  reduce
t o  (3) and ( 4) .  E qua tion  (5) ,  however, d i f f e r s  from
th e  o r i g i n a l  Cole and Cole e x p re s s io n  i n  hav ing  s in( '^ '% )
in  th e  denom inator in s t e a d  of cos(®^%), which appears
!0
to  be i n c o r r e c t .
E qu a tio n s  (3) and (4) can be combined and w r i t t e n
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i n  th e  form of th e  e q u a tio n  of a  c i r c l e
(«' - - ( O^O
Since a l l  v a lu e s  a re  p o s i t i v e ,  t h i s  g iv e s  a  s e m ic i r c u la r  
p lo t  of €* a g a in s t  e‘ , t y p i c a l  o f Dehye* s th e o ry .
However, Cole and Cole found f o r  a  c o n s id e ra b le  number
u
of l i q u i d s  and s o l i d s  t h a t  th e  v a lu e s  of € commonly 
f e l l  below th e  s e m ic i r c l e ,  bu t cou ld  be re p re s e n te d  by 
a s e m ic i r c u la r  a rc  i n t e r s e c t i n g  th e  a b s c i s s a  a x is  a t  
th e  v a lu e s  of and 6  ^ . The c e n t r e  of th e  c i r c l e  
of which t h i s  a rc  was a p a r t  l a y  below th e  a b s c i s s a  
a x i s ,  and th e  d iam e te r  drawn th ro u g h  th e  c e n tr e  from 
th e  p o in t  made an ang le  octt/i w ith  th e  a b s c i s s a  a x i s .
T h is  i s  r e p re s e n te d  by  e q u a tio n s  5 , and 6 .
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To de term ine  o< , i t  may be assumed t h a t  th e  l i n e s  
drawn between a d ja c e n t  p lo t t e d  p o in ts  a re  chords o f a 
c i r c l e  w ith  i t s  c e n t r e  below th e  r e a l  a x i s .  The c e n tr e  
of th e  c i r c l e  i s  g iven  by th e  i n t e r s e c t i o n  of th e  
p e rp e n d ic u la r  b i s e c t o r s  of th e s e  chords and th e  
p e rp e n d ic u la r  b i s e c t o r  of th e  a b s c i s s a  a x is  between 
and 60 . T a n d i s  measured on th e  p l o t ,  and i s  
c a lc u la te d  from i t .  The r e l a x a t io n  tim e may be
c a lc u la te d  from th e  r e l a t i o n
where v i s  th e  d i s ta n c e  on th e  C ole-C ole p lo t  between
éo and th e  ex p e r im e n ta l  p o in t ,  and ^  i s  th e  d is ta n c e  
between th e  p o in t  and <=0®. I f  <  i s  z e ro , T
which i s  t r u e  f o r  th e  Debye e q u a t io n s .
The r e l a t i o n s h i p  of r e l a x a t io n  tim e to  m o lecu la r  
p r o p e r t i e s .
Debye (1929) c a lc u la te d  th e  d i e l e c t r i c  r e l a x a t io n  
tim e of a  p o la r  m o lecu le , assuming i t  behaved as a 
sphere  r o t a t i n g  in  a v isc o u s  medium which had th e  b u lk  
v i s c i s i t y  of th e  l i q u i d ,  as
7 - _ U L lA
y  -
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where ^  i s  th e  m ic ro sco p ic  r e l a x a t io n  tim e d e f in e d  as 
th e  tim e tak en  f o r  th e  m o lecu la r  p o l a r i s a t i o n  due to  
d ip o le  r o t a t i o n  to  f a l l  to  % of i t s  s te a d y  v a lu e  when 
th e  o r i e n t in g  f i e l d  i s  removed,
a ,  i s  th e  m o lecu la r  r a d iu s  and k th e  Boltzman 
c o n s ta n t .
//
H i l l  ( 1954) has shown t h a t  a s i m i l a r  eq u a tio n
z
T  -- A n K
K r
can he w r i t t e n ,  where A i s  a c o n s ta n t  ( 2 .4 ) ,  K i s  th e  
mean r a d iu s  of g y ra t io n  of th e  m olecule about any a x is  
norm al to  th e  d ip o le  a x is  and cr* th e  in te rm o le c u la r  
d i s t a n c e .  This e q u a tio n  i s  j u s t i f i e d  by assuming t h a t  
th e  r e s i s t a n c e  to  r o t a t i o n  experienced  by a m olecule 
i s  due to  in te rm o le c u la r  c o l l i s i o n s .
This e q u a tio n  i s  d e r iv e d  on th e  assum ption t h a t  
th e  v i s c o s i t y  of a l i q u i d  a r i s e s  from m o lecu la r  
c o l l i s i o n s  in  which two m olecu les  become te m p o ra r i ly  
so c l o s e l y  a s s o c ia te d  t h a t  no m acroscopic r e l a t i v e  
motion i s  p o s s ib le  between them. This ty p e  of an 
a s s o c i a t i o n ,  which p re v e n ts  r e l a t i v e  m otion between 
th e  p a r t s  of a su b s ta n c e ,  i s  what i s  re co g n ised  as 
f r e e z in g  when i t  in v o lv e s  a l a rg e  number of m olecu les  
in s te a d  of a p a i r .  I t  i s  a l s o  assumed to  p rev en t
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r e l a t i v e  r o t a t i o n  of a  p a i r  of m o lecu les , and t h i s  
eq u a tio n  w i l l  he v a l id  on ly  i f  t h i s  i s  t r u e .
For su b s ta n c e s  hav ing  m olecu les  w ith  no permanent 
d ip o le  moment th e  d i e l e c t r i c  c o n s ta n t  depends on th e  
induced p o l a r i s a t i o n  and i s  a lm ost independen t of th e  
p h y s ic a l  s t a t e  and te m p e ra tu re ,  except i n  so f a r  as 
th e s e  f a c t o r s  de te rm ine  th e  number of m olecu les  i n  u n i t  
volume, and a sm all  change in  th e  d i e l e c t r i c  c o n s ta n t  
when th e  phase i s  changed ( s o l i d  to  l i q u id )  i s  caused by 
a sm a ll  change in  th e  number of m olecu les  p e r  c .o .  as i n  
diagram  (a) on page is  . However, f o r  most su b s ta n c e s  
hav ing  m olecu les  w ith  permanent d ip o le  moment th e  m olecu les  
a re  f ix e d  w ith  such r i g i d i t y  in  th e  s o l id  s t a t e  t h a t  l i t t l e  
or no o r i e n t a t i o n  in  th e  d ip o le s  i n  an e x t e r n a l ly  ap p lied  
f i e l d  i s  p o s s ib l e .  Thus, th e  d i e l e c t r i c  c o n s ta n t  depends 
on ly  on. th e  d isp lacem en t of cha rges  in s id e  th e  m o lecu le . 
When th e  s o l i d  changes in to  th e  l i q u i d  s t a t e  t h e  p o la r  
m olecu les  a c q u ire  th e  freedom  of r o t a t i o n  and th e  o r ie n ­
t a t i o n  p o l a r i s a t i o n  in c r e a s e s  s h a rp ly  a t  th e  m e l t in g  p o in t  
as  in  diagram  (b) on page %%. The v e ry  s l i g h t  in c r e a s e  in  
th e  d i e l e c t r i c  c o n s ta n t  w ith  te m p e ra tu re  a t  low tem­
p e r a tu r e s ,  and th e  more pronounced r i s e  j u s t  below th e  






































For such su b s ta n c e s  th e  assum ptions made i n  d e r iv in g
th e  e q u a tio n  above a re  v a l i d .  However, t h e r e  a re
d ip o la r  su b s ta n c e s  f o r  which th e  d i e l e c t r i c  c o n s ta n t  i s
no t a l t e r e d  much on s o l i d i f i c a t i o n ,  which in d i c a t e s
t h a t  th e  d ip o le s  s t i l l  have some freedom  of r o t a t i o n
which i s  l o s t  a t  a t r a n s i t i o n  p o in t  c o n s id e ra b ly  below
th e  f r e e z in g  p o in t .
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H i l l  (1957) has sug ges ted  c a l l i n g  th o s e  su b s tan ce s  
which lo s e  t h e i r  freedom  of d ip o le  r o t a t i o n  on 
s o l i d i f i c a t i o n  " c la s s  I  su b s ta n c e s"  and th o se  which 
show no a p p re c ia b le  lo s s  of d ip o le  r o t a t i o n  on s o l i d ­
i f i c a t i o n  " c la s s  I I  s u b s ta n c e s " ,  and th e s e  term s w i l l  
be u sed . I t  appears  t h a t  th e  r e l a x a t io n  t im es  of 
su b s ta n c e s  b e lo n g in g  to  th e s e  two c l a s s e s  a re  c o n t r o l l e d  
by d i f f e r e n t  mechanisms. Thus, f o r  c l a s s  I I  su b s ta n c e s  
th e  ty p e  o f a s s o c i a t i o n  which g iv e s  r i s e  t o  v i s c o s i t y  
may have l i t t l e  o r  no e f f e c t  on d ip o le  r o t a t i o n ,  and 
t h e r e  i s  no re a so n  why th e  d i e l e c t r i c  r e l a x a t io n  tim e 
should  be r e l a t e d  t o  v i s c o s i t y .  A cco rd in g ly  th e  e q u a tio n  
T  = can be expected  to  ho ld  f o r  c l a s s  I  l i q u i d s
and no t f o r  c l a s s  I I  l i q u id s  in  which f r e e z in g  does n o t 
in v o lv e  c e s s a t io n  of r o t a t i o n a l  m otion .
/3
I t  has been su g g es ted  by C u r t i s  e t  a l  t h a t  th e
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independence of th e  in n e r  f r i c t i o n  c o n s ta n t  ( The in n e r  
f r i c t i o n  c o n s ta n t  i s  th e  r e s i s t i v e  couple a c t in g  on a 
m olecu le  r o t a t i n g  w ith  u n i t  a n g u la r  v e l o c i t y  ) and th e  
v i s c o s i t y  f o r  ap p ro x im a te ly  s p h e r i c a l  m olecu les  may 
he due to  th e  f a c t  t h a t  t h e i r  h ig h  symmetry en ab les  
them to  r o t a t e  w ith o u t a p p re c ia b ly  d i s p la c in g  t h e i r  
n e ig h b o u rs .
T h is  a sp e c t  of th e  d i f f e r e n c e  between th e  two 
ty p e s  o f l i q u i d s  i s  b rough t out by th e  fo llo w in g  
c o n s id e r a t io n s .
B a tsch in sk i*  s r e l a t i o n  as t o  th e  tem p e ra tu re  
dependence of th e  v i s c o s i t y  i s
' Y j  —  ^  —
1  "  ( V - b )
where A and b a re  c o n s ta n ts  and V i s  th e  s p e c i f i c  volume 
The c o n s ta n t  b t u r n s  out to  l i e  between th e  s p e c i f i c  
volumes of th e  s o l i d  and th e  l i q u id  a t  th e  f r e e z in g  
p o in t  and i s  i n t e r p r e t e d  as th e  minimum s p e c i f i c  
volume a t  which flow  can occur and hence ( V - b  ) ig 
reg a rd ed  as f r e e  volume.
/f
H i l l  ( 1959) has su g g es ted  t h a t  a  s i m i l a r  r e l a t i o n




where i s  th e  in n e r  f r i c t i o n  and b* i s  th e  minimum 
volume a t  which r o t a t i o n  can occu r so t h a t  a t  v = b* 
r o t a t i o n a l  f r e e z in g  w i l l  occu r.
Comparing th e  above two r e l a t i o n s  i t  i s  e a s i l y  
seen  t h a t  f o r  c l a s s  I  su b s ta n c e s  t h a t  i s ,  v isc o u s
flow  and d ip o le  r o t a t i o n  b o th  cease  a t  th e  same 
te m p e ra tu re ,  i . e .  a t  th e  same s p e c i f i c  volume, and 
hence , .
^  A
and i s  independen t of te m p e ra tu re .
' For c l a s s  I I  su b s ta n c e s  W< b so t h a t  th e  d ip o le  
r o t a t i o n  p e r s i s t s  a t  te m p e ra tu re s  below t h a t  a t  which 
v isc o u s  flow  ce a se s  and
A .  =
^  A
i s  dependent on te m p e ra tu re ,  and no d i r e c t  i n t e r p r e t a t i o n  
of i t  in  te rm s of m o lecu la r  d im ensions i s  p o s s ib l e .
A* % 2
H i l l  (1959) has c a lc u la te d  th e  r a t i o  ~ = Kcr
f o r  c l a s s  I  l i q u i d s ,  where <T i s  th e  mean d is ta n c e  
between ne ighb ou rs  i n  th e  l i q u i d .
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C lass  I  A / a \<^ C
Furan 6.26
T e tra h y d ro fu ra n  6 .02
C hlorobenzene 6 .15
Bromobenzene 6 .50
oc-Bromonaphthalene 5.90
Q uino line  6 .20
I s o q u in o l in e  8 .00
C lass  I I
2 : 2 -d ic h lo ro p ro p a n e  17•00
M ethyl ch lo ro fo rm  11.40
6- b u t y l  bromide 20.20
Thiophene 4.80
As can be seen  i s  n o t  a  c o n s ta n t  f o r  th e
c l a s s  I I  l i q u i d s .
The above r e s u l t s  a re  based  on measurements over 
a r a t h e r  l im i te d  te m p e ra tu re  ra n g e ,  which i s  f r e q u e n t ly  
q u i te  remote from th e  f r e e z in g  p o in ts  of th e  l i q u id s  
c o n s id e re d .  The aim of th e  p re s e n t  work i s  to  o b ta in  
v a lu e s  of th e  r e l a x a t i o n  tim e and v i s c o s i t y  over a 
wide range of te m p e ra tu re  down t o ,  and p o s s ib ly  below.
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th e  f r e e z in g  p o in t  i n  o rd e r  t o  make a more r ig o ro u s  
t e s t  of th e  th e o ry .
The measurements r e q u ir e d  f o r  t h i s  purpose a re
1) The d i e l e c t r i c  c o n s ta n t  and lo s s  f a c t o r  of p o la r
l i q u id s  over a wide range of te m p e ra tu re  down to  
and p o s s ib ly  below th e  f r e e z in g  p o in t  a t  wave­
le n g th s  of ap p ro x im a te ly  3 cm and 1 cm.
2 ) The s t a t i c  d i e l e c t r i c  c o n s ta n t  of th e  l i q u i d  over
th e  same range  of te m p e ra tu re  as i n  ( l ) .
3) The v i s c o s i t y  of t h e  l i q u id s  over th e  same range of
tem p e ra tu re  as i n  ( l ) .
4) The d e n s i ty  of th e  l i q u i d s  over th e  same range of
tem p era tu re  as i n  ( l ) .
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1. Measurement of complex d i e l e c t r i c  c o n s ta n t  ;
A system  f o r  th e  measurement of th e  e l e c t r i c a l  
p r o p e r t i e s  of l i q u id s  a t  c e n tim e tre  w avelengths 
shou ld  have th e  fo l lo w in g  e s s e n t i a l  re q u ire m e n ts :  
i )  The q u a n t i ty  of th e  l i q u i d  r e q u ir e d  should  
be m o d era te ly  sm a ll ,
i i )  Measurement p rocedure  shou ld  be r a p id ,  e s p e c i a l l y  
as low te m p e ra tu re s  w i l l  have to  be m a in ta in ed  c o n s ta n t  
d u rin g  th e  measurement,
i i i )  The re q u ir e d  c o n s ta n ts  shou ld  be sim ply  r e l a t e d  
t o  th e  q u a n t i t i e s  m easured.
Some of th e  system s t h a t  can be used a re  th e  re so n a n t  
system s, system s i n  which a s ta n d in g  wave i s  ex p lo red  by 
a t r a v e l l i n g  probe , and system s in  which a f ix e d  d e te c to r  
i s  used to  compare th e  impedance of th e  l i q u i d  c e l l  w ith  
a s ta n d a rd  v a r i a b le  impedance.
The p re se n t  method used a t  3 .279  cm be longs t o  th e  
second c l a s s ,  and th e  method used a t  0 .847 cm to  th e  
t h i r d  c l a s s .
Resonant system s a re  proba,bly b e s t  f o r  th e  m easure­
ment of v e ry  low a b s o rp t io n ,  bu t become v e ry  com plica ted  
when a l i q u i d  of h ig h  a b s o rp t io n  i s  u sed , because  th e
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amount of l i q u i d  in  th e  re so n a n t  c a v i ty  has to  be made 
v e ry  sm a ll .  They a r e ,  however, s t i l l  capab le  of y i e ld in g  
r e s u l t s  of h ig h  accu racy , p rov ided  th e  a p p a ra tu s  i t s e l f  
i s  a c c u r a te ly  made. S tan d ing  wave methods in  g e n e ra l  a re  
a f f e c te d  by th e  su rro u n d in g s ,  and in  p a r t i c u l a r  by  th e  
p o s i t io n  of th e  o b se rv e r ,  because  th e  d e te c to r s  must have 
access  to  th e  f i e l d  over a c o n s id e ra b le  le n g th  of th e  
t r a n s m is s io n  l i n e  o r  waveguide, b u t  w ith  a w e l l  designed  
a p p a ra tu s  th e  amount of r a d i a t i o n  may be made v ery  sm all  
and hence t h i s  d i f f i c u l t y  can be overcome. F lu c tu a t io n s  
of in p u t power do no t a f f e c t  th e  t h i r d  method, s in c e  i t  i s  
a n u l l  method. In  th e  second method th e y  a re  n o t  s e r io u s  
p rov ided  th e y  a re  v e ry  slow s in c e  on ly  a r a t i o  of maximum 
t o  minimum power i s  r e q u i r e d .  F requency f l u c t u a t i o n s  a re  
im po rtan t in  th e  second method as th e y  cause a s h i f t  of 
s ta n d in g  wave p a t t e r n  and p re c a u t io n s  should  be ta k e n  to  
m a in ta in  th e  fre q u en cy  c o n s ta n t .  The methods used  a t  b o th  
w avelengths allow  ra p id  measurement and s im ple  and d i r e c t  
c a l c u l a t i o n  of th e  re q u ir e d  c o n s ta n ts  from th e  measured 
q u a n t i t i e s  and n e i t h e r  method r e q u i r e s  more th a n  50 c . c .  
of th e  l i q u i d .
Measurement of d i e l e c t r i c  c o n s ta n t  a t  3 cm.
Some of th e  f e a s i b l e  methods a re
l )  V a r ia b le  s h o r t  c i r c u i t  method.
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2) R oberts  and Von H ippe l method,
3) Matched l i n e  method.
1 . V a r ia b le  s h o r t  c i r c u i t  method:
/6
P o ley  has developed t h i s  method u s in g  r e c t a n g u la r  
wave g u id es  and in v o lv in g  o n ly  th e  measurement of th e  
s ta n d in g  wave r a t i o  p, i . e .  t h e  r a t i o  of th e  f i e l d  
s t r e n g th s  t o  E ^ ^ ,  as a  f u n c t io n  o f th e  l e n g th
of a  l i q u i d  column which i s  te rm in a te d  by  a s h o r t  c i r c u i t  
p i s t o n ,  th u s  a v o id in g  th e  d e te rm in a t io n  of th e  phase .
MOda WivvcLouj
The p ro p a g a t io n  c o n s ta n t  and th e  w avelength  
i n  th e  a i r - f i l l e d  gu ide  a re  r e l a t e d  to  th e  vacuum wave­
le n g th  and th e  c u t - o f f  w aveleng th  acco rd in g  to
V, -  = %  = %  / '  - ( ^ j
S im i la r ly ,  t h e  p ro p a g a t io n  c o n s ta n t  of th e  l i q u i d  
f i l l e d  guide, i s  g iv en  by
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Yn
and t h e  r a t i o  of th e  complex i n t r i n s i c  impedance 
t o  t h a t  o f  th e  a i r  f i l l e d  gu ide  Z, hy
_ Y. / '  -  ( % )
' '  '
The r e l a t i v e  complex in p u t  impedance ^  a t  th e  
m ica window (se e  diagram ) f o r  s h o r t  c i r c u i t  t e rm in a t io n  
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S o lv ing  th e s e  e q u a tio n s  i s  ex trem e ly  d i f f i c u l t ,  
demanding a l a r g e  number of n u m erica l  co m p u ta tion s . 
However, V.S.W.R. can be de term ined  experim ent a l l y  as a  
f u n c t io n  of th e  le n g th  ^d* of th e  l i q u i d  column, and a 
curve r e s u l t s  which e x h ib i t s  s u c c e s s iv e  maxima and 
minima, te n d in g  tow ards a  f i n a l  v a lu e  co r re sp o n d in g  
to  a  le n g th  of l i q u i d  column which i s  e l e c t r i c a l l y  
i n f i n i t e l y  lo n g .
te
I t  can be shown t h a t
p tanh(n7c ta n -jj )  
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tanh(m% ta n  -r)
t a n - ^  = ^
(1 - CO
(1 -  o j
and a re  th e  s ta n d in g  wave r a t i o s  in  th e  and
t  hn maximims r e s p e c t i v e l y ,  and 0 and C ^ a re  th e  v a lu e s  
of th e  c o r r e c t i o n  f a c t o r s  which can be n e g le c te d  w ith  
r e s p e c t  t o  u n i ty ,  b e in g  g e n e r a l ly  s m a l le r  th a n  1^.
Using th e  above e q u a tio n s  th e  v a lu e  of t a n  ^  can 
be determ ined  and 6 and é. can now be ca lc ik la ted  by 
th e  r e l a t i o n s :
and










ô o ô ôI I Il ll
<iW <i\^
X 1 X













4 J 4 4
F ^ri ro -J-
41
However, c o r r e c t io n s  have to  be a p p l ie d  due t o  th e  
l o s s e s  of th e  a i r - f i l l e d  waveguide ( w .g . ) s e c t io n  
i t s e l f .  These l o s s e s  c o n s i s t  of ju n c t io n  ( J ) ,  w a l l  (W)
and te rm in a t io n  (T) l o s s e s ,  and add up in  th e  form
f  -  T  *  T  * T
Losses due to  w a l ls  and te rm in a t io n s  a re  n e g l i g i b l e
compared to  ju n c t io n  l o s s e s ,  and so
I _ \ ^
Hence t o  each va lu e  of f* i n  th e  s u c c e s s iv e  maxima th e
same c o r r e c t io n  has to  be a p p l ie d .  Applicant io n  of th e
c o r r e c t io n  lea.ds t o  an in c r e a s e  i n  c o n s is te n c y  in  th e
v a lu e  of tan. ^  and in  f a c t  t h i s  c o r r e c t io n  can be e a s i l y
found by  t r i a l  and e r r o r .
The V.S.Y/.R. i s  de term ined  by  u s in g  s ta n d a rd  
te c h n iq u e s  and th e  experim ent in  i t s e l f  i s  v e ry  a c c u ra te .  
The e r r o r  in tro d u c e d  because  of th e  i n t r o d u c t io n  of m ica 
i s  a u to m a t ic a l ly  overcome w h ile  ap p ly in g  th e  c o r r e c t io n  
f o r  t a n  A « The main d isad v an tag e  i s  th e  tim e ta k e n  to  
com plete one s e t  of re a d in g s  ( a t  any g iven  te m p e ra tu re )  
as f o r  l i q u i d s  w ith  low lo s s e s  th e  tim e may be as much as 
two h o u rs .  At low te m p e ra tu re s  m a in ta in in g  te m p e ra tu re  
f o r  to o  long  a tim e proves q u i t e  d i f f i c u l t ,  and f o r  
l i q u i d s  w ith  h ig h  lo s s e s  more th a n  one maximum peak
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cannot be o b ta in e d ,  th u s  making t h e  r e s u l t  v e ry  ambiguous.
In  th e  p re s e n t  experim en t, th e  v a r i a b l e  s h o r t  
c i r c u i t  method i s  used  t o  de term ine  th e  d i e l e c t r i c  
c o n s ta n t  and th e  l o s s  f a c t o r  f o r  s u i t a b l e  l i q u id s  
( 1 ,1 ,1  t r i c h l o r o e t h a n e  and ch lo robenzene) a t  room 
te m p e ra tu re  and t h i s  i n  t u r n  i s  used  to  c a l c u l a t e  th e  
c o r r e c t i o n  f a c t o r  f o r  th e  a p p a ra tu s  and th e  method 
employed, (se e  "C o rre c t io n  due t o  mica" -  page S S . )
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2. R oberts  and Von H ippe l method :
A s t a b i l i z e d  K ly s t ro n  o s c i l l a t o r  r a d i a t e s  mono­
ch rom atic  waves of a  p re s c r ib e d  fre q u en cy  in to  one end 
of a  c o a x ia l  l i n e  o r  hollow  wave g u id e ;  th e y  a re  
r e f l e c t e d  by a  s h o r t in g  m e t a l l i c  boundary  a t  t h e  o th e r  
end. S tan d in g  waves a re  s e t  up and can be m easured by 
a  probe d e t e c to r  t r a v e l l i n g  a long  a  narrow  s l o t  cu t  i n  
th e  gu ide  p a r a l l e l  t o  th e  a x i s .  The d i e l e c t r i c  i s  i n s e r t e d  
i n  th e  c lo se d  end of th e  gu id e  o p p o s i te  th e  t r a n s m i t t e r .
F or th e  s h o r t - c i r c u i t  measurement, t h e  sample i s  p lace d  in  
d i r e c t  c o n ta c t  w ith  th e  m e ta l  s h o r t ;  f o r  t h e  open c i r c u i t  
m easurement, i t  i s  lo c a te d  a q u a r t e r  wave le n g th  ahead of 
th e  te r m in a t io n .  I t  i s  e s s e n t i a l  t h a t  t h e  sample 
i n t im a t e ly  f i t s  th e  w a l ls  of th e  gu ide  and th e  s h o r t in g
43
p l a t e ,  and t h a t  i t s  f a c e  he p e rp e n d ic u la r  t o  th e  gu ide  
ax iso  When a  wave from th e  o s c i l l a t o r  i s  p ro p ag a ted  
a long  th e  w ave-guide, i t  i s  p a r t l y  r e f l e c t e d  and p a r t l y  
t r a n s m i t t e d  on a r r i v a l  a t  t h e  i n t e r f a c e .  The t r a n s ­
m i t te d  p a r t  i s  p ro p ag a ted  th ro u g h  t h e  d i e l e c t r i c  i n  a 
manner dependent upon th e  p ro p a g a t io n  c o n s ta n t  u n t i l  
i t  re a c h e s  th e  s h o r t  c i r c u i t ,  where i t  i s  t o t a l l y  
r e f l e c t e d  and p ro p ag a ted  hack u n t i l  i t  re a c h e s  th e  
i n t e r f a c e .  Again p a r t  i s  t r a n s m i t t e d  and p a r t  i s  r e ­
f l e c t e d ,  and th e  p ro c e s s  i s  co n tin u ed  u n t i l ,  a f t e r  a  
c e r t a i n  h u i ld  up t im e ,  th e  flow  of energy  i n  th e  a i r  
f i l l e d  p o r t io n  of th e  gu ide  may he re g a rd e d  as  c o n s i s t in g  
o f two r e s u l t a n t  waves moving i n  o p p o s i te  d i r e c t i o n s .
The f i e l d  a t  th e  prohe depends on th e  r e l a t i v e  m agnitudes 
and phases of th e  in c id e n t  and r e f l e c t e d  waves, which 
an n u l each o th e r  a t  some p o in ts  and r e in f o r c e  each o th e r  
a t  o th e r s ,  form ing a  s ta n d in g  wave.
The s ta n d in g  wave i s  m easured i n  a i r  (medium l )  above 
th e  d i e l e c t r i c  sample of th ic k n e s s  d (medium 2) and th e  
t e r m in a t in g  impedance 2(0) of medium 1 i s  found by  
de term ing  th e  r a t i o  of minimum t o  maximum e l e c t r i c  f i e l d  
s t r e n g th  and th e  d i s t a n c e  x^ of t h e  f i r s t  minimum from 
th e  d i e l e c t r i c  boundary . 2 (0) can now be ex p ressed  i n
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te rm s of th e  d i r e c t l y  m easurab le  p a ram ete rs  x , , X, and 
by:^min
^max
£wt> _  > -fen
Fwax "
/ _ j  ^ H 3
where i s  th e  c h a r a c t e r i s t i c  wave impedance of medium 1.
Using th e  s h o r t  c i r c u i t  method th e  te rm in a t in g  
impedance i s
TiCo) -  X.d
where i s  th e  c h a r a c t e r i s t i c  wave impedance of medium 2
and i s  th e  p ro p a g a t io n  f u n c t io n  of medium 2.
And s in c e  f o r  non-m agnetic  d i e l e c t r i c s
Z M  = %, A  - / i a
Using th e  above e q u a tio n s  and a ls o  n o t in g  t h a t  
medium 1 i s  l o s s  f r e e ,  i . e .  ^ ^  ^
&
i z y ^ k r u  ^  ^  _  ________
"  i r r d .  /  _  j  ^
;  C e ' "
4 'j
The f u n c t io n  ^ i s  found by m easuring  th e  t h i c k ­
n ess  d of th e  sample, th e  w avelength  X, in  th e  a i r f i l l e d  
p ip e ,  th e  in v e r s e  V.S.W.R. /E  , and th e  d i s ta n c e
iii J. 11 iLLcUv
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of t h e  f i r s t  minimum from th e  s u r f a c e  of medium 2.
The f u n c t io n  Y2^ can be de term ined  from c h a r t s  
o r  from a s e r i e s  app rox im ation  of th e  f u n c t io n ,
/8
s. R oberts  has  drawn a su rv ey  map, w ith  th e  
argument T  th e  o r d in a t e ,  t h e  a b s o lu te  v a lu e  of T th e  
a b s c i s s a ,  whereas C and Ï  a re  p a ram e te rs  of i n t e r s e c t i n g  
c u rv e s ;  T  and X a re  ex p ressed  i n  d e g re e s .  The hyperbolize 
fu n c t io n s  a re  m u l t iv a lu e d  so t h a t  measurement w ith  a 
s in g l e  th ic k n e s s  d of t h e  d i e l e c t r i c  may le a v e  th e  v a lu e  
Yg 111 doub t, bu t i f  two d i f f e r e n t  th ic k n e s s e s  a re  u sed , 
o n ly  one s e t  of v a lu e s  T /d and T  w i l l  s a t i s f y  b o th  
e x p e r im e n ta l  r e s u l t s .
Knowing th e  c h a r a c t e r i s t i c  p ro p a g a t io n  f a c t o r  Y2 > 
th e  p ro p a g a t io n  f a c t o r  Ya(j.s.)Of th e  d i e l e c t r i c  i n  f r e e  
space can be c a lc u la t e d  from
% -  a V - )  ^
and th e  complex d i e l e c t r i c  c o n s ta n t  of a  non-m agnetic  
medium 2 can be ex p ressed
where X| i s  th e  c u t - o f f  w avelength  and f o r  t h e  lo w est
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o rd e r  waves i n  th e  custom ary  ty p e s  of wave gu ide  ta k e  
th e  v a lu e s
R e c ta n g u la r  p ip e  = 2 x w id th  
Round p ip e  X^  = 1 .7 1  x d iam e te r
C o ax ia l  l i n e  x  ^ = <x>
The open c i r c u i t  method i s  n o t  v e ry  conv en ien t w ith  
l i q u i d s  and a l s o ,  s in c e  th e  p r e s e n t  experim ent r e q u i r e s  
th e  measurement of d i e l e c t r i c  c o n s ta n ts  a t  v a r io u s  tem­
p e r a t u r e s ,  th e  problem  of m easuring  th e  th ic k n e s s  o f th e  
sam ple, p a r t i c u l a r l y  a t  low te m p e ra tu re s ,  w i l l  become 
e x tre m e ly  d i f f i c u l t .  As th e  r e s u l t s  a re  d o u b t fu l  u n le s s  
measurements a re  made a t  s e v e r a l  d e p th s ,  th e  experim ent 
p roves t o  be tim e consuming. The n a tu r e  of th e  r e l a t i o n  
betw een th e  m easured q u a n t i t i e s  C and and th e  r e q u i r e d  
q u a n t i t i e s  T and T  makes i t  d i f f i c u l t  t o  assess th e  
a f f e c t  of c o n s i s t e n t  e r r o r s .
3 . Matched l i n e  m ethod;
The specimen i s  k ep t  i n  a  r e c t a n g u la r  waveguide, 
one end hav ing  a  p lan e  t r a n s v e r s e  a i r - d i e l e c t r i c  i n t e r ­
f a c e  and th e  o th e r  hav ing  a  long  t a p e r  w ith  t h e  r e s u l t a n t  
space  in  th e  wave gu id e  f i l l e d  w ith  an ab so rb in g  m a te r ia l .  
A s l o t t e d  l i n e  c a r ry in g  a probe m easures th e  s ta n d in g
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wave p a t t e r n  in  th e  waveguide in  f r o n t  of th e  i n t e r f a c e .  
Let th e  forw ard  wave he exp j («j t + K x)
R e f le c te d  wave ^
where X i s  measured from th e  s u r fa c e  in. th e  d i r e c t i o n  
of th e  r e f l e c t e d  wave and i '  i s  th e  r e f l e c t i o n  c o e f f i c i e n t .
S ig n a l  | j  6 4 Kx) 4- f  exj> j (cot -  kx)1
-  I + I f  Coi
Minima occur where 2K% -  <p = t  TT
f  =  XKoc. ^  T T  c z  2 . a  -  TT (  S a ^ )
The p ro p a g a t io n  c o n s ta n t  and a t t e n u a t io n  o<^  i n  
th e  l i q u i d  a re  g iven  hy
z ,  _ o<v+<l’P4- _ ' -
ê! ,^ t + f - e
i f
I -  2 - f  S v ^ f  _  I
I f  fZ' +  Z f  f  4 V -S ^ ’' f ' z
48
On s im p li fy in g  and e x p re ss in g  in  te rm s of th e  
s ta n d in g  wave r a t i o ,
Pi. _ I ^  „  ? (i -iIôZq) ; (f^4)  ~W6
Û P, “ l + f^ toZ-Ô “ A^ e^ ta~i-6
[L CAO -kvv.8
l T °  l l Ÿ T Z ê  ^  T  "  '
= B CA<^ ) = A
and th e  r e a l  and im ag ina ry  p a r t s  of th e  d i e l e c t r i c  
c o n s ta n ts  a re  g iven  by
, i 4 ( ^ )
(XUl 6  -
where X^is cu t o f f  w avelength  i n  th e  a i r  f i l l e d  gu ide
X^is th e  w avelength  in  th e  a i r  f i l l e d  g u id e .
19
Powles, Y /illiam  and Smyth have used t h i s  method.
The waveguide was su p p o rted  v e r t i c a l l y  so as t o  keep th e  
a i r - d i e l e c t r i c  i n t e r f a c e  h o r i z o n t a l .  A window was 
formed in  th e  gu ide  by a t h i n  m ica s h e e t ,  h e ld  between th e  
f la n g e s  of two s e c t io n s  of waveguide and made l i q u i d  t i g h t
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by a l i t t l e  s i l i c o n e  g re a se  a t  i t s  edges, and no 
d e te c ta b le  r e f l e c t i o n  from th e  m ica sh e e t  was o b served .
A wedge of f lo ssy  m a t e r i a l  was used  to  p re v en t  th e  
waves from b e in g  r e f l e c t e d  in to  th e  d i e l e c t r i c  medium.
The l i q u i d  c e l l  was surrounded  by a  ja c k e t  i n  which 
th e  c o o la n t  was c i r c u l a t e d  so as t o  m a in ta in  th e  tem­
p e r a tu r e  i n  t h e  range  of -80^0 t o  +120^0. The low er 
end of th e  ja c k e t  ex tended  to  th e  end o f th e  d i e l e c t r i c ,  
bu t th e  waveguide was w e l l  i n s u l a t e d  f o r  some d i s ta n c e  
below th e  i n t e r f a c e .  The s l o t t e d  l i n e  was m a in ta in ed  
c lo s e  t o  room te m p e ra tu re ,  b e in g  p ro te c te d  by  a le n g th  
of about 10 cm of th e  gu ide  and a  th e rm a l  choke.
The power s ta n d in g  wave r a t i o s  were o b ta in e d  by 
d i r e c t  measurement of th e  maximum and minimum of th e  
s ta n d in g  wave by means of a  c a l i b r a t e d  a t t e n u a t o r  and a 
microammeter. The s h i f t  i n  th e  minimum x^ was o b ta in e d  
by comparing th e  p o s i t i o n  of th e  minimum of th e  s ta n d in g  
wave in  f r o n t  of th e  specimen w ith  t h a t  m easured i n  a  
p re l im in a ry  experim ent i n  which th e  specim en was re p la c e d  
by a  s h o r t  c i r c u i t  p l a t e .
The ap p a ra tu s  now used  i s  s i m i l a r  to  t h a t  o f Pow les,
W illiam s and Smyth and i s  as shown in  th e  b lo ck  diagram^on 60,
The s ig n a l  was m odulated a t  3 k c / s e c  and a t t e n u a t o r s
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v a r i a b le  a t t e n u a t o r  to  p re v en t f re q u e n c y  p u l l in g  by th e  
o s c i l l a t o r .  The K ly s tro n  was s h ie ld e d  from s t r a y  
co n v e c t io n  c u r r e n t s  of a i r  which improves i t s  s t a b i l i t y ,  
and i n  case  of a  f re q u en cy  s h i f t  i t  cou ld  always be 
r e s e t  t o  i t s  p re v io u s  v a lu e  by r e a d j u s t i n g  th e  r e s o n a to r  
p o t e n t i a l  by o b se rv in g  th e  s i g n a l  from th e  wavemeter, 
which was d is p la y e d  on an o s c i l lo s c o p e .  The r e s i d u a l  
n o is e  l e v e l  of th e  V.S.W.R. i n d i c a t o r  was l e s s  th a n  O.lpiv 
a t  -10  db w ith  th e  in p u t  o p e n - c i r c u i t e d ,  and l e s s  th a n  
0*03iiV w ith  th e  in p u t  s h o r t - c i r c u i t  ed .
The a p p a ra tu s  was su p p o rted  h o r i z o n t a l l y  (a s  t h i s  
was more conven ien t th a n  su p p o r t in g  i t  v e r t i c a l l y )  except 
f o r  th e  l i q u i d  c e l l  which was su p p o rted  v e r t i c a l l y  u s in g  
a r i g h t  ang le  bend. Mica of u n ifo rm  th ic k n e s s  0.0025 cm 
was used to  g e t  a  l i q u i d  t i g h t  s e a l  between th e  r i g h t  
an g le  bend and th e  l i q u i d  c e l l .  As u s in g  g re a s e  i s  n o t  
d e s i r a b le  because  th e  o rg an ic  l i q u i d s  d i s s o lv e  i t ,  th e  
f la n g e s  of th e  r i g h t  ang le  bend and th e  l i q u i d  c e l l  were 
lapped  in  th e  workshop so t h a t  a  c le a n  even ly  cu t p ie c e  
o f m ica, when screwed between th e s e  two s u r f a c e s ,  s ta y e d  
l i q u i d  t i g h t .  The a c tu a l  l i q u i d  c e l l  i t s e l f  was su rro u n ­
ded by a  ja c k e t  in  which a lc o h o l  cou ld  be c i r c u l a t e d ,  th e  
tem p e ra tu re  of which co u ld , i n  t u r n ,  be c o n t r o l l e d  by 
e i t h e r  h e a t in g  o r  co o lin g  i t  i n  an a d ja c e n t  u n i t .  A
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range  o f te m p e ra tu re  from +50^0 t o  -75^0 was o b ta in e d  
by t h i s  method u s in g  "D riko ld" ( s o l i d  OOg) or l i q u i d  a i r  
w ith  a lc o h o l  depending on th e  te m p e ra tu re  needed . The 
te m p e ra tu re  could  be m a in ta in ed  a t  any g iv en  v a lu e  f o r  a  
t im e  c o n s id e ra b ly  more th a n  was needed t o  ta k e  a  s e t  of 
r e a d in g s ,
A p a i r  of g l a s s  vanes co a ted  w ith  n i  chrome were 
used  i n  t h e  l i q u i d  c e l l  so t h a t  a l l  th e  power was absorbed  
and none r e f l e c t e d  fronn th e  to p  o f  th e  l i q u i d  c e l l .
The c ro s s  s e c t io n  of th e  a c tu a l  te m p e ra tu re  c o n t r o l  
u n i t  i s  shown in  th e  f i g u r e .
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A lcohol c i r c u l a t e s  betw een th e  w a l ls  of th e  two con­
c e n t r i c  c y l in d e r s  where i t  i s  coo led  to  t h e  r e q u i r e d  
te m p e ra tu re  u s in g  D rik o ld  and a l c o h o l ,o r  l i q u i d  a i r  and 
a lc o h o l .  T his  u n i t  was kep t i n s id e  a  therm os t o  p re v en t 
h e a t  lo s s e s  which would be q u i te  a p p re c ia b le  a t  te m p e ra tu re s  
below -20^0 . A m ix tu re  of D rik o ld  and A lcohol was used  to  
go down t o  -50^C and th e n  l i q u i d  a i r  had to  be used  in s t e a d  
of D r ik o ld .  By ex ten d in g  th e  low er end of t h e  c o o lin g  
j a c k e t  a l l  th e  way down to  th e  m ica s h e e t ,  t h e  whole 
volume of th e  l i q u i d  sample cou ld  be m a in ta in ed  a t  th e  
same te m p e ra tu re .  The c o o l in g  j a c k e t ,  th e  co n n ec tin g  
tu b e s  and th e  pump were a l l  covered  w ith  poron (expanded 
p o ly s ty re n e )  so as  t o  cu t down th e  h e a t  l o s s e s .
To g e t  down to  low er te m p e ra tu re s  m ere ly  D rik o ld  o r  
l i q u i d  a i r  was added to  th e  m ix tu re  i n  th e  c o n c e n t r ic  
c y l in d e r s ,  and t o  a c t u a l l y  m a in ta in  th e  te m p e ra tu re  
e i t h e r  th e  r a t e  o f a d d i t io n  of D rik o ld  was r e g u la te d  so 
as t o  j u s t  compensate f o r  th e  h e a t  l o s s e s ,  o r  th e  pump 
speed was c o n t r o l l e d ,  which i n  t u r n  c o n t r o l l e d  th e  
t r a n s f e r  of h e a t .  When th e  te m p e ra tu re  was s te a d y ,  no 
d i f f e r e n c e  i n  te m p e ra tu re  was found between th e  to p  and 
th e  bottom  of th e  c o o l in g  j a c k e t ,  so a  s e n s i t i v e  
therm om eter was used  t o  re ad  th e  te m p e ra tu re s ,  a  m ercury
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therm om eter to  r e a d  from + 50^0 to  O^C and an a lc o h o l  
therm om eter from 0^0 to  -80^0 . For te m p e ra tu re s  above 
room te m p e ra tu re  a  sm a ll  p ie c e  o f copper tu b in g  i n  th e  
system  was d i r e c t l y  h e a te d  from th e  o u ts id e  and th e  
te m p e ra tu re  was c o n t r o l l e d  by a d ju s t in g  th e  su p p ly  of 
h e a t ,  th e  c i r c u l a t i n g  l i q u id  s t i l l  b e in g  a lc o h o l .
At te m p e ra tu re s  below O^ G i c e  form s w herever 
p o s s ib le  and th e n  by i t s e l f  a c t s  as  an i n s u l a t o r .  
However, i f  any i c e  forms on th e  o u te r  s u r fa c e  of m ica 
( i . e .  th e  s u r fa c e  of m ica exposed t o  a i r )  i t  g iv e s  r i s e  
to  wrong r e s u l t s .  Because of th e  p re sen ce  of th e  
s l o t t e d  l i n e  a co n v e c t io n  c u r r e n t  always s e t s  i n ,  and 
hence i c e  always forms on th e  m ica s u r fa c e  u n le s s  
p re c a u t io n s  a re  ta k e n  to  p rev en t t h i s .  To avo id  t h i s ,  
d ry  a i r  was blown a t  th e  end of t h e  s l o t t e d  l i n e  n e a r e r  
t o  th e  r i g h t  ang le  bend, th u s  p re v e n t in g  m oist a i r  from 
re a c h in g  th e  co ld  s u r f a c e  of m ica o r th e  a d jo in in g  
gu ide  w a l l s .
As th e  tem p e ra tu re  c h a n g e s , th e  r i g h t  ang le  bend as 
w e l l  as th e  l i q u i d  c e l l  undergoes a th e rm a l  expansion  
and t h i s  s l i g h t l y  s h i f t s  th e  s ta n d in g  wave which i n  t u r n  
a l t e r s  th e  p o s i t i o n  of th e  minimum. T h e re fo re ,  th e  
change in  th e  p o s i t i o n  of th e  minimum w ith  r e s p e c t  to
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te m p e ra tu re  i s  de te rm ined  f o r  a  s h o r t  c i r c u i t ,  and i s  
t a k e n  in to  account w h ile  comparing th e  p o s i t i o n  of th e  
minimum of th e  s ta n d in g  waves f o r  th e  l i q u i d s ,  w i th  
t h a t  of th e  s h o r t  c i r c u i t .
As th e  w eight r e s t i n g  on t h e  r i g h t  ang le  bend 
g iv e s  r i s e  t o  a  s t r a i n  on th e  bend th e  t o t a l  w e ig h t , 
namely t h a t  of th e  c o o l in g  j a c k e t  and a lc o h o l  c i r c u l a t i n g  
i n  th e  c o o lin g  j a c k e t ,  were k ep t  c o n s ta n t  th ro u g h o u t th e  
experim en t.
The a p p a ra tu s  i s  v e ry  s t a b l e .  By p ro p e r ly  s h ie ld in g  
th e  K ly s t ro n  from s t r a y  co n v e c tio n  c u r r e n t s  th e  f re q u e n c y  
cou ld  be m a in ta in ed  c o n s ta n t .  The p o s i t i o n  of th e  
minimum cou ld  always be a c c u r a t e ly  rep roduced  w i th in  one 
p a r t  i n  a  hundred . The s ta n d in g  wave r a t i o  cou ld  a ls o  
be a c c u r a te ly  rep rodu ced  t o  -  0;05 dB.
C o r re c t io n  due to  m ic a :
in t ro d u c in g  a  p ie c e  of m ica of th ic k n e s s  0 .0025 cm 
between th e  two f la n g e s  g iv e s  r i s e  t o  a  gap in  th e  wave 
gu ide  w a l l  of th e  same th ic k n e s s  and th e  e f f e c t  o f t h i s  
has t o  be c o r r e c te d .
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Let r  be th e  r e f l e c t i o n  c o e f f i c i e n t  due t o  m ica 
and th e  gap i n  t h e  gu ide  w a l l ;  t  be th e  t r a n s m is s io n  
c o e f f i c i e n t  ; R be th e  r e f l e c t i o n  c o e f f i c i e n t  of th e  
l i q u i d  s u r fa c e  a lo n e .
Where r ,  t  and R a re  a l l  
complex q u a n t i t i e s .
C onsider a  wave of u n i t  
i n t e n s i t y  in c id e n t  on 
th e  m ica, t  i s  t r a n s m i t t e d  
and r  i s  r e f l e c t e d .  The 
l i q u i d  r e f l e c t s  a  p a r t  of 
t  e q u iv a le n t  t o  tR  which i s
a g a in  r e f l e c t e d  and t r a n s m i t t e d .  The d iagram  shows th e  
a f f e c t  o f m u l t ip le  r e f l e c t i o n s  and t r a n s m is s io n s .
L et R^ be th e  combined r e f l e c t i o n  due to  m ica and 
th e  l i q u i d  s u r f a c e
aR-" = r  + + . . .
= r  + t ^ R ( l  + Rr + R^r^ + ........... )
= r  +
R
t^R  
1 -  Rr
R^ — r
o r t^R
t  + (R^ -  r ) r  
= (R^ -  r ) ( l - R r )
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Using a match, R = 0 as a l l  th e  waves a re  absorbed
and we have R=r which i d e a l l y  should  be z e ro .  There
sh o u ld , t h e r e f o r e ,  be no s ta n d in g  wave in  t h i s  c a se .
However, because  of th e  r e f l e c t i o n  due t o  mica and th e
gap a sm a ll  s i g n a l  v a r i a t i o n  cou ld  be d e te c te d .  The
p o s i t i o n  o f th e  minima and th e  s ta n d in g  wave r a t i o  of
t h i s  s ta n d in g  wave were found . These were found t o  be
alm ost c o n s ta n t  in  th e  te m p e ra tu re  range +50^0 to  -75^0 .
S im i la r ly ,  u s in g  a s h o r t , R = 1 as a l l  th e  waves
2a re  r e f l e c t e d ,  and hence t  can be found out i n  p r i n c ip l e
When a l i q u i d  i s  used  in s t e a d ,  th e  match was used
in  th e  l i q u i d  as w e l l ,  t o  make su re  t h a t  t h e r e  were, no
r e f l e c t i o n s  from th e  l i q u i d  c e l l  o th e r  th a n  t h a t  due to
1
th e  l i q u i d  i t s e l f .  So, knowing R , R can be c a lc u la t e d .
R = , p— ^ ■— which i s  a complex q u a n t i ty ,
t  + R( R-^  -  r  )
= X + jY (say)
From t h i s  th e  d i e l e c t r i c  c o n s ta n t  and th e  lo s s
f a c t o r s  a re  c a lc u la te d  by th e  r e l a t i o n s ,
r  = where
and t a n  0 = -  y/X 
Thus, knowing A and B, é and e  a re  c a lc u la t e d .  
However, i n  p r a c t i c e  an ex p e r im e n ta l  d e te rm in a t io n  
of th e  r e f l e c t i o n  c o e f f i c i e n t  f o r  a  s h o r t  c i r c u i t  i s
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ex trem e ly  d i f f i c u l t  t o  o b ta in  b ecause  of th e  v e ry  h ig h  
v a lu e  of th e  s ta n d in g  wave r a t i o .  T h is  was e a s i l y  
overcome by d e te rm in in g  th e  d i e l e c t r i c  c o n s ta n t  and th e  
l o s s  f a c t o r  f o r  a  s u i t a b l e  l i q u i d  ( 1 ,1 ,1  T r ic h lo ro e th a n e )  
by th e  v a r i a b le  s h o r t  c i r c u i t  method, and th e n  a t  th e  
same te m p e ra tu re  by f in d in g  out th e  power s ta n d in g  wave 
r a t i o  and th e  s h i f t  i n  th e  minimum of th e  wave form from
t h a t  of th e  minimum of th e  s ta n d in g  wave f o r  a  s h o r t
2 ? c i r c u i t ,  t  was c a l c u l a t e d .  T h is  v a lu e  of t  was used
i n  a l l  f u r t h e r  c a l c u l a t i o n s  in v o lv in g  th e  p ie c e  of mica
f o r  which t h i s  c o r r e c t i o n  te rm  was worked o u t .
Thus, w ith  any l i q u i d  th e  o n ly  two re a d in g s  
n e c e s s a ry  a re  th e  p o s i t i o n  of th e  minimum i n  th e  s ta n d in g  
wave and th e  power s ta n d in g  wave r a t i o .  As th e  p o s i t io n  
o f th e  minimum i s  no t v e ry  shayp i t  was n o t p o s s ib le  t o  
re a d  i t  d i r e c t l y .  Hence, p o in t s  on e i t h e r  s id e  o f th e  
minima a t  which th e  s i g n a l  was eq u a l  were found. T h is  
was done by a d ju s t in g  th e  i n d i c a t o r  n e e d le  t o  a  p a r t i c u l a r  
p o s i t i o n  by moving th e  p robe . T h is  probe p o s i t i o n  was 
n o ted  and th e n  t h e  probe was moved so t h a t  th e  s i g n a l  
went th ro u g h  th e  minimum and ro s e  ag a in  t o  th e  same 
s t r e n g t h  as b e f o r e .  The average  o f  th e s e  two probe 
p o s i t i o n  re a d in g s  gave th e  p o s i t i o n  of t h e  minimum. The 
P.S.W.R. was o b ta in e d  by  knowing th e  s e t t i n g  of t h e
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c a l i b r a t e d  a t t e n u a t o r  (u s u a l ly  2*30 nm) and f in d in g  
th e  minimum re a d in g  on th e  i n d i c a t o r .  The probe was 
th e n  moved u n t i l  t h e  i n d i c a t o r  deno ted  a  maximum s i g n a l  
when th e  a t t e n u a t i o n  of th e  c a l i b r a t e d  a t t e n u a t o r  was 
in c re a s e d  t o  b r in g  th e  s i g n a l  back  t o  th e  o r i g i n a l  
minimum v a lu e ,  and th e  re a d in g  of th e  a t t e n u a to r  n o te d .
By knowing th e s e  two re a d in g s  th e  P.S.W.R. was c a lc u la te d  







Measurement of d i e l e c t r i c  c o n s ta n t  a t  0 ,847  cm.
B ridge  method:
The * B ridge  method* used t o  measure th e  d i e l e c t r i c  
c o n s ta n t  and lo s s  f a c t o r  a t  0 ,847 cm i s  as shown in  
th e  b lo ck  d iagram . The t o t a l  l e n g th  o f th e  wave gu ide  
i s  made ro u g h ly  th e  same i n  b o th  th e  arms, i . e .  th e  arm 
c o n ta in in g  th e  l i q u id  u nder t e s t  and th e  arm c o n ta in in g  
th e  v a r i a b l e  impedance, th u s  making th e  method f re q u en cy  
i n s e n s i t i v e ,  (Analogous t o  th e  M ichelson in te r f e r o m e te r  
c o n d i t io n  f o r  w h ite  l i g h t  f r i n g e s ) .  I d e n t i c a l  c a l i b r a t e d  
a t t e n u a t o r s  (w ith  r o t a r y  vanes) a re  used in  b o th  th e  
arms th u s  in t ro d u c in g  th e  same amount of i n s e r t i o n  lo s s  
and phase s h i f t  i n  bo th  arm s.
The am plitude  f  and phase of th e  r e f l e c t i o n  
c o e f f i c i e n t  a re  measured d i r e c t l y  from th e  a t t e n u a t o r  
s e t t i n g  and th e  s e t t i n g  of th e  s h o r t  c i r c u i t  r e s p e c t i v e l y < 
I f  f  c i s  th e  r e f l e c t i o n  c o e f f i c i e n t .




where 7^ and ’z^ a re  d e f in e d  as p re v io u s ly .
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S o lv in g  f o r  ^  and ^
‘f M
and -
(*, \ A- Ÿ + Or% <t>
\>  ^ ,  > 2 / SuL 4>
1^ \ 4 X / C<r^  <4>
and th e  v a lu e s  of é  and th e n  fo llo w  as in  th e  
p re v io u s  methodo
F i r s t l y ,  w ith  a f ix e d  s h o r t  in s te a d  of th e  l i q u i d  
c e l l  th e  s e t t i n g  of th e  v a r i a b le  s h o r t  and th e  re a d in g  
on th e  c a l i b r a t e d  a t t e n u a to r s  a re  found f o r  a  zero  s ig n a l .  
This i s  done by a l t e r n a t e l y  a d ju s t in g  th e  v a r i a b le  s h o r t  
and th e  c a l i b r a t e d  a t t e n u a t o r .  S ince th e  f ix e d  s h o r t  had 
a g r e a t e r  r e f l e c t i o n  c o e f f i c i e n t  th a n  th e  v a r i a b le  s h o r t ,  
th e  c a l i b r a t e d  a t t e n u a to r  in  th e  v a r i a b le  s h o r t  arm was 
k ep t  a t  ze ro  w h ile  th e  o th e r  one was v a r ie d .  Secondly, 
th e  p ie c e  of m ica l a t e r  to  be used  t o  s e a l  th e  l i q u i d  
c e l l  was used  w ith  th e  s h o r t  and th e  experim ent r e p e a te d .  
From th e s e  two r e s u l t s  t h e  t r a n s m is s io n  c o e f f i c i e n t  of th e  
p ie c e  of m ica used can be found. T h ird ly ,  th e  s h o r t  
c i r c u i t  was re p la c e d  by  th e  empty l i q u i d  c e l l  and match 
( th e  l i q u i d  c e l l  b e in g  s e a le d  w ith  th e  p ie c e  of mica) 
and th e  new s e t t i n g  of t h e  v a r i a b le  s h o r t  and th e  new 
re a d in g  of th e  c a l i b r a t e d  a t t e n u a to r ,  f o r  a  ze ro  s ig n a l  
found. From t h i s  th e  r e f l e c t i o n  c o e f f i c i e n t  of mica can
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be c a lc u la te d ,  which a llow s th e  c o r r e c t io n  to  be a p p l ie d  
f o r  th e  p re se n ce  of m ica. L a s t ly ,  th e  experim ent i s  
re p e a te d  w ith  th e  l i q u id  i n  th e  l i q u i d  c e l l ,  th u s  d e t e r ­
m ining th e  r e f l e c t i o n  due to  th e  l i q u i d .  In  th e  t h i r d  
and th e  l a s t  p a r t  of t h e  experim ent th e  c a l i b r a t e d  
a t t e n u a t o r  in  th e  l i q u i d  c e l l  arm was k ep t  a t  zero  w hile  
th e  o th e r  c a l i b r a t e d  a t t e n u a t o r  was v a r ie d .
The phase change on r e f l e c t i o n  a t  th e  l i q u i d  s u r f a c e  
and th e  am plitude  r e f l e c t i o n  c o e f f i c i e n t  iT a re  found from
change in  th e  p o s i t i o n  of th e  v a r i a b le  
s h o r t  c i r c u i t  X 2 X 2n 
phase change = ----------------------------------------------------------------- 4"
4 4 (r e f l e c t i o n  c o e f f i c i e n t  = Ori x
where G i s  t h e  ang le  of a t t e n u a t o r  in  th e  t e s t  arm and ^ 
t h a t  of th e  a t t e n u a t o r  in  th e  r e f e r e n c e  arm.
The s e t t i n g  of th e  v a r i a b le  s h o r t ,  f o r  s h o r t  c i r c u i t  
on ly , v a r ie d  w ith  tem p e ra tu re  f o r  a zero  s i g n a l ,  and t h i s  
has t o  be ta k e n  in to  c o n s id e r a t io n  w h ile  d e te rm in in g  th e  
s h i f t  in  i t s  p o s i t i o n .  The v a r i a t i o n  was found to  be 
l i n e a r  w ith  te m p e ra tu re .  No a p p re c ia b le  v a r i a t i o n  i n  th e  
p o s i t io n  of th e  c a l i b r a t e d  a t t e n u a t o r  w ith  te m p e ra tu re  was 
o b se rv ab le  in  th e  case  of match and m ica. No phase s h i f t  
w ith  change o f a t t e n u a t o r  s e t t i n g  was o b se rv a b le .
The te m p e ra tu re  was c o n t r o l l e d  by u s in g  th e  same 
te c h n iq u e s  as b e f o r e .
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2. Measurement of s t a t i c  d i - e l e o t r i c  c o n s t a n t ;
The u n i t  of e l e c t r o s t a t i c  charge  i s  d e f in e d  as
such t h a t  i f  two u n i t  p o in t  c h a rg e s ,  i n  a  vacuum, a re
one c e n tim e tre  a p a r t ,  th e  fo r c e  e x e r te d  by one on th e
o th e r  i s  one dyne. As th e  in v e r s e  squ are  law h o ld s ,
i t  fo l lo w s  t h a t  cha rges  and e^, i n  a  va,cuim and
r  cm a p a r t ,  w i l l  r e p e l  one a n o th e r  w ith  a fo rc e  of 
e, 2^ dynes. I f ,  however, th e  cha rges  a re  s e p a ra te d
by a un ifo rm  d i e l e c t r i c  medium -  gaseous , l i q u i d  o r
s o l i d ,  th e  fo r c e  e x e r te d  between them i s  l e s s  th a n  when
th e y  a re  th e  same d i s ta n c e  a p a r t  i n  a  vacuum, and i s  
e,
g iv en  by dynes, e b e in g  th e  d i e l e c t r i c  c o n s ta n t
of th e  medium.
The d i e l e c t r i c  c o n s ta n t  of a  medium can a ls o  be 
d e f in e d  as th e  r a t i o  o f th e  c a p a c i ty  of an i d e a l  
condenser w ith  th e  medium f i l l i n g  th e  space betw een i t s  
p l a t e s  t o  i t s  c a p a c i ty  w ith  th e  space ev acua ted , and 
th e  u s u a l  methods f o r  d e te rm in in g  d i e l e c t r i c  c o n s ta n ts  
a re  based  on th e  measurement of t h i s  r a t i o .  T h is  view 
of th e  m a t te r  im p lie s  t h a t  th e  q u a n t i t y  of charge 
r e q u i r e d  t o  r a i s e  th e  p o t e n t i a l  d i f f e r e n c e  between th e  
two p l a t e s  of a  condenser t o  a  s p e c i f i e d  v a lu e  i s  
g r e a t e r  when th e r e  i s  a  d i e l e c t r i c  m a te r i a l  between
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th e  p l a t e s  th a n  when t h e r e  i s  none. The r a t i o  o f  th e  
q u a n t i t i e s  of charge r e q u ir e d  i n  th e  two ca ses  i s  th e  
d i e l e c t r i c  c o n s ta n t  of th e  medium.
The measurements a c t u a l l y  r e q u i r e d ,  t h e r e f o r e ,  a re  
th e  c a p a c i ty  changes, and th e s e  a re  u s u a l l y  made w ith  
r e f e r e n c e  t o  a  s ta n d a rd  condenser of as h ig h  p r e c i s io n  
as  p o s s ib l e .
The d i e l e c t r i c  c o n s ta n t  of a  l i q u i d  measured a t  a  
f re q u e n c y  as h ig h  as a m egacycle i s  eq u a l to  th e  s t a t i c  
d i e l e c t r i c  c o n s ta n t  f o r  l i q u id s  whose d i s p e r s io n  re g io n  
i s  i n  th e  microwave ra n g e .
S e v e ra l  methods of d e te rm in in g  s t a t i c  d i e l e c t r i c  
c o n s ta n t  a r e :
1. S u b s t i t u t i o n  method.
2. C ap ac ity  B ridge  method.
3 . Heterodyne B eat method.
4. Resonance method.
1. S u b s t i t u t i o n  method.
C, i s  a  v a r i a b le  condenser 
of a  s t a b l e ,  bu t n o t  n e c e s s a r i l y  
p r e c i s io n  ty p e .  D i s  th e  
d i e l e c t r i c  c e l l  and S i s  a 
s ta n d a rd  co nden ser . The
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co n n ec tio n s  a re  a r ran g ed  as shown so t h a t  th e  d i e l e c t r i c  
c e l l  and th e  s ta n d a rd  condenser can he b rou g h t a l t e r n a t e l y  
i n to  th e  c i r c u i t *  Y/ith th e  d i e l e c t r i c  c e l l  in  th e  
c i r c u i t  th e  condenser , C, i s  a d ju s te d  u n t i l  th e  t o t a l  
c a p a c i ty  in  th e  c i r c u i t  has a  d e f i n i t e  v a lu e ,  and th e n  
k eep in g  t h i s  s e t t i n g  unchanged, th e  d i e l e c t r i c  c e l l  i s  
r e p la c e d  in  th e  c i r c u i t  by th e  s ta n d a rd  v a r ia b le  con­
d e n se r ,  which i s  th e n  a d ju s te d  to  g iv e  th e  same t o t a l  
c a p a c i ty  i n  th e  c i r c u i t .  At t h i s  p a r t i c u l a r  s e t t i n g ,  
t h e r e f o r e ,  th e  c a p a c i ty  of th e  s ta n d a rd  condenser, p lu s  
t h a t  of i t s  l e a d s ,  i s  eq u a l to  t h a t  of th e  d i e l e c t r i c  
c e l l  and i t s  l e a d s .  Hence th e  change in  th e  c a p a c i ty  
of th e  d i e l e c t r i c  c e l l  when one medium i s  r e p la c e d  by 
a n o th e r  i s  measured by th e  change in  s e t t i n g  of th e  
s ta n d a rd  condenser which g iv e s  an eq u a l  c a p a c i ty  change.
In  t h i s  method com parisons o f  th e  c a p a c i t i e s  of 
th e  d i e l e c t r i c  c e l l  and of th e  s ta n d a rd  condenser can 
be made w i th in  a  second of one a n o th e r ,  th u s  e l im in a t in g  
e r r o r s  which te n d  to  a r i s e  due t o  s l i g h t  d r i f t  in  
f re q u en cy  of th e  a l t e r n a t i n g  c u r r e n t  u sed .
67
2. C ap ac ity  B ridge  method
I f  th e  fo u r  arms of a 
b r id g e  netw ork of th e  form 
shown in  th e  f i g u r e  c o n ta in  
i d e a l  condensers  0 , ,  0^, 0^ 
and Gi ,^ and th e  b r id g e  i s  
fe d  from a sou rce  of
a l t e r n a t i n g  c u r r e n t ,  th e  p o t e n t i a l  d i f f e r e n c e  between 
X and Y w i l l  change, and hence th e  c u r re n t  th ro u g h  th e  
d e t e c t in g  in s tru m e n t  D w i l l  change as th e  c a p a c i ty  of 
th e  condenser C, i s  v a r ie d .
When th e  b a lan c e  p o in t  i s  re ach ed , i . e .  when th e  
c u r r e n t  i s  zero  i n  D,
0  ^ lOjj, = 0^
I f  condenser C^ i s  th e  d i e l e c t r i c  c e l l  and 
condenser 0^  i s  a  s ta n d a rd  v a r i a b le  condenser, th e  
c a p a c i ta n c e  C^  can be c a lc u la te d  g iv en  and 0^ , o r  
by knowing th e  r a t i o  t o  one a n o th e r .
I f ,  however, th e  medium in  th e  d i e l e c t r i c  c e l l  i s  
such t h a t  i t  has  a  s l i g h t  c o n d u c t iv i ty ,  t h e  c e l l  
behaves as a  condenser w ith  a r e s i s t a n c e  in  p a r a l l e l .  
I n  o rd e r  to  o b ta in  com plete b a la n c e ,  w ith  zero  c u r r e n t  
p a s s in g  th ro u g h  D, i t  i s  n e c e s s a ry  to  in t ro d u c e  a
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v a r i a b le  r e s i s t a n c e  a c ro s s  condenser C | . B alance  i s  
th e n  a t t a i n e d  by a d ju s t in g  th e  condenser and r e s i s t a n c e  
a l t e r n a t e l y .
The accu racy  of t h i s  method depends c r i t i c a l l y  
upon th e  co n s tan cy  of th e  c a p a c i t i e s  and 0^ and on 
th e  r e s i s t a n c e s  in  th e  c i r c u i t .  S t r a y  c a p a c i t i e s  a l s o  
p la y  a v e ry  im p o rtan t  p a r t  and i t  i s  e s s e n t i a l  t o  keep 
th e s e  as low as p o s s ib l e .  However, i t  has th e  
advantage t h a t ,  p ro v id ed  a l l  th e  e q u iv a le n t  s e r i e s  
r e s i s t a n c e s  in  th e  c i r c u i t  a re  low, i t  does n o t  depend 
c r i t i c a l l y  upon th e  co n s tan cy  of th e  fre q u en cy  fed  to  
th e  b r id g e .
3 . The Heterodyne B eat method
T h is  i s  based  upon th e  
p r i n c i p l e  t h a t ,  i f  two c i r c u i t s  
o s c i l l a t i n g  w ith  n e a r l y  th e  
same freq u en cy , a r e  each lo o s e ly  
coupled  t o  a t h i r d  c i r c u i t ,  
t h e r e  i s  produced in  th e  l a s t
c i r c u i t  a  b e a t  f re q u e n c y  co rre sp o n d in g  w ith  th e  
d i f f e r e n c e  of th e  two in d u c in g  o s c i l l a t o r s .
I f  th e  f re q u en cy  of th e  o s c i l l a t o r  A i s  kep t 
c o n s ta n t ,  w hile  th e  f re q u en cy  of th e  o s c i l l a t o r  B i s
’1 r
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v a r ie d  by  changing th e  c a p a c i ty  C, th e  b e a t  n o te  h ea rd  
in  th e  te le p h o n e  T w i l l  change, and can be b ro u g h t to  
a  d e f i n i t e  v a lu e .  I f  t h e  in d u c tan ce  i n  th e  c i r c u i t  B 
i s  kep t c o n s ta n t  th e  b e a t  f re q u en cy  w i l l  be t h e  same 
whenever th e  t o t a l  c a p a c i ty  i n  t h i s  c i r c u i t  has  a  
c e r t a i n  v a lu e .  I f ,  t h e r e f o r e ,  t h i s  com prises a  v a r i a b le  
condenser i n  p a r a l l e l  w ith  th e  d i e l e c t r i c  c e l l ,  changes 
i n  th e  c a p a c i ty  of th e  l a t t e r  can be fo llo w ed , as i n  
th e  o th e r  methods by d e te rm in in g  th e  change i n  th e  
c a p a c i ty  of th e  v a r i a b le  condenser r e q u i r e d  to  m a in ta in  
th e  same b e a t  n o te .
4. Resonance method
When an in d u c tan ce  L, a  c a p a c i ty  C, and a  r e s i s t a n c e  
R a r e  a r ran g ed  in  s e r i e s  i n  a  c i r c u i t ,  t h e  impedance of 
th e  c i r c u i t  i s  g iv e n  by
z n  yc
where w i s  th e  f re q u en cy  of t h e  c u r r e n t  p a s s in g  i n  th e  
c i r c u i t .  T h is  impedance i s  a  minimum, and hence f o r  a  
f ix e d  e .m . f .  th e  c u r re n t  f lo w in g  i s  a  maximum when
i s  z e ro ,  i . e .  . I f  t h i s




re so n a n ce , and i f  R i s  sm a ll  t h e  c u r r e n t  w i l l  r i s e  t o  
v e ry  h ig h  v a lu e s  when an e .m .f .  o f f re q u en cy  v i s  
induced  i n  th e  c i r c u i t .
I f  a  c o n s ta n t  f re q u e n c y  i s  u sed , t h e r e f o r e ,  and th e  
in d u c ta n c e  of th e  c i r c u i t  i s  kep t c o n s ta n t ,  re sonance  
occurs  when th e  c a p a c i ty  0 has  a  d e f i n i t e  v a lu e .  Hence 
i f  a  v a r i a b le  condenser i s  a r ran g ed  in  p a r a l l e l  w ith  th e  
d i e l e c t r i c  c e l l ,  re so n an ce  to  
a c o n s ta n t  induced f re q u en cy  
w i l l  occu r when th e  fo rm er i s  
s e t  t o  such a  v a lu e  t h a t  t h e  
sum of th e  c a p a c i t i e s  of th e  
v a r i a b le  condenser and
d i e l e c t r i c  c e l l  has t h i s  r e q u i r e d  v a lu e .  Consequen'üy, 
changes i n  th e  c a p a c i ty  o f th e  d i e l e c t r i c  c e l l  b rough t 
about by  changing th e  medium i n  i t  a r e  r e f l e c t e d  in  
changes i n  th e  v a r i a b le  condenser r e q u i r e d  t o  m a in ta in  
th e  s t a t e  of re so n a n c e .
O s c i l l a t i o n s  a re  induced  by  means of a  v e ry  s t a b l e  
o s c i l l a t o r .  To d e te c t  re sonance  i n  th e  c i r c u i t ,  th e  
c i r c u i t  i s  l o o s e ly  coupled  t o  a  s u b s id i a r y  c i r c u i t  con­
t a i n i n g  a  r e c t i f i e r ,  such as  a  c r y s t a l ,  and a
ga lv ano m eter . A l t e r n a t i v e l y ,  a  v a lv e  v o l tm e te r  can be
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can be connected  a c ro s s  th e  conden ser , so as  t o  
de te rm in e  th e  s e t t i n g  a t  which th e  v o l ta g e  a c ro s s  i t  
i s  a  maximum.
In  th e  p re s e n t  experim ent th e  reson ance  method 
i s  used  w ith  th e  f re q u e n c y  of th e  a l t e r n a t i n g  c u r re n t  
i n  th e  c i r c u i t  a t  about 20 K c /s .  A ca thode  r a y  
o s c i l lo s c o p e  i s  used as  a  d e t e c to r  and o b se rv in g  th e  
s i g n a l  on th e  o s c i l lo s c o p e  th e  resonan ce  p o s i t i o n  i s  
e a s i l y  and a c c u r a te ly  s e t .  The method by  i t s e l f  i s  
s im ple  and s t r a ig h t f o r w a r d  and th e  c i r c u i t  can be s e t  
up w ith  as  few c o n n e c tin g  le a d s  as  p o s s ib l e ,  and th e  
resonance  p o s i t i o n  can be a d ju s te d  and checked w i th in  
about tw en ty  seconds o r  so , making i t  p o s s ib le  t o  
o b ta in  th e  s t a t i c  d i e l e c t r i c  c o n s ta n t  o f th e  l i q u i d s  
a t  any r e q u i r e d  te m p e ra tu re .
The c a p a c i ty  of th e  empty d i e l e c t r i c  c e l l  i s  found 
out by  th e  s u b s t i t u t i o n  method. I t  can  a l s o  be 
measured by th e  reson ance  method, u s in g  a  s ta n d a rd  
l i q u i d  l i k e  benzene whose v a lu e  o f th e  s t a t i c  d i e l e c t r i c  
co n s ta n t  i s  known. The measurements by  b o th  methods 
g iv e  th e  same r e s u l t s  as  long  as th e  t o t a l  l e n g th  of 
th e  le a d s  i n  e i t h e r  case  i s  k ep t  c o n s ta n t .  As th e  
d i e l e c t r i c  c e l l  i s  s i l v e r e d  i t  a t t a i n s  te m p e ra tu re
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e q u i l ib r iu m  v e ry  r a p i d l y  and th e n  m a in ta in in g  t h e  
te m p e ra tu re  f o r  a  m inu te  a t  a  t im e  i s  s u f f i c i e n t  t o  
s e t  th e  a p p a ra tu s  f o r  resonance# The experim ent i s  
c a r r i e d  out f o r  a  range  of te m p e ra tu re  from +50^0 to  
-80®C. As th e  te m p e ra tu re  i s  v a r ie d  th e  s t a t i c  
d i e l e c t r i c  c o n s ta n t  changes, th u s  changing th e  s t a t e  
of resonance, and t o  m a in ta in  t h i s  re so n an ce  s t a t e  th e  
c a p a c i ta n c e  of th e  v a r i a b l e  condenser i s  changed# 
Knowing the^hange i n  th e  c a p a c i ta n c e ,  t h e  " s t a t i c "  
d i e l e c t r i c  c o n s ta n t  i s  c a l c u la t e d ,  acco rd in g  t o :
S t a t i c  d i e l e c t r i c  c o n s ta n t  o f  th e  medium
C a p a c ity  of th e  conden ser  f i l l e d  w ith  th e  medium 
C ap ac ity  o f th e  condenser f i l l e d  w ith  a i r
The d i e l e c t r i c  c e l l
One of t h e  most im p o rtan t  problem s w ith  a  
d i e l e c t r i c  c e l l  f o r  u se  w ith  s o lu t io n s  i s  t h a t  t h e  
t r a p p in g  of a i r  bu bb les  d u r in g  f i l l i n g  must be av o id ed . 
The f i l l i n g  and emptying of th e  c e l l  must a l s o  be as 
ea sy  as  p o s s ib le #  Hence, d e s ig n s  which in c o rp o r a te  
b lo c k s  o r  wedges of i n s u l a t i n g  m a t e r i a l  t o  s e p a ra te  
t h e  p l a t e s  may g iv e  r i s e  to  d i f f i c u l t i e s  owing t o  th e
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f a c t  t h a t  t h e r e  a re  c a p i l l a r y  i n t e r s t i c e s  which may o r 
may n o t  become f i l l e d  w ith  l i q u i d .  F u r th e r ,  when a 
s o lu t io n  has once been in tro d u c e d  in to  such i n t e r s t i c e s  
i t  may be d i f f i c u l t  t o  remove i t  by washing.
The condenser used  in  th e  p re se n t  experim ent 
which av o id s  th e s e  d i f f i c u l t i e s  i s  based  on th e  d es ig n  
in tro d u c e d  by Sayce and B r is c o e .  I t  com prises two 
c o n c e n t r ic  g l a s s  tu b e s ,  th e  in n e r  tu b e  b e in g  c lo sed  a t  
i t s  low er end, w h i l s t  i t s  upper end i s  s e a le d  t o  th e  
o u te r  tu b e .A c cess  t o  th e  a n n u la r  space th u s  formed 
i s  p rov ided  by narro w er tu b e s  s e a le d  to  th e  bottom  of 
th e  o u te r  tu b e  and to  th e  s id e  of th e  o u te r  tu b e  a t  
th e  to p  o f th e  a n n u la r  sp ace , r e s p e c t i v e ly .  The in n e r  
s u r fa c e  of th e  o u te r  tu b e ,  and th e  o u te r  s u r fa c e  of 
th e  in n e r  tu b e  a re  s i l v e r e d  over th e  low er t h r e e -  
q u a r te r s  of t h e i r  l e n g th ,  th e re b y  g iv in g  two condenser 
p l a t e s ,  c o n ta c t  t o  which i s  e f f e c te d  by p la t in u m  w ire s  
s e a le d  th ro u g h  th e  bottom  of th e  in n e r  tu b e  and th ro u g h  
th e  w a l l  of th e  o u te r  tu b e ,  r e s p e c t i v e l y .  The l a t t e r  
c o n ta c t  i s  p ro te c te d  by a g la s s  tu b e ,  s e a le d  to  th e  
w a l l  of th e  o u te r  tube and ben t v e r t i c a l l y  upwards. 
Mercury can be in tro d u c e d  in to  t h i s  member and in to  
th e  in s id e  of th e  in n e r  tu b e  in  o rd e r  to  make c o n ta c t
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"between th e  le a d s  from  th e  m easuring  c i r c u i t  and th e  
p la t in u m  c o n ta c t  w ires#
The in n e r  tu b e  i s  ex tended  upwards so as t o  
perm it th e  whole of th e  p o r t io n  o f  th e  c e l l  which 
c o n ta in s  l i q u i d  t o  he immersed i n  a  th e rm o s ta t .  T ie  
b a r s  l i n k in g  th e  c e n t r a l  tu b e s  w ith  th e  f i l l i n g  tu b e s  
and th e  tu b e  c a r ry in g  th e  c o n ta c t  t o  t h e  o u te r  p l a t e  
make th e  s t r u c t u r e  much more r i g i d  and t  herb  y av o id in g  
v a r i a t i o n s  i n  c a p a c i ty  due t o  s t r a i n ,  as w e l l  as 
making th e  c e l l  l e s s  f r a g i l e .  The f i l l i n g  tu b e s  a re  
of s h o r t  c a p i l l a r y  tu b e  w ith  about 2 mm b o re ,  which 
f a c i l i t a t e  th e  i n t r o d u c t i o n  and rem oval of s o lu t io n s  
by a i r  p r e s s u r e  w ith o u t th e  in t r o d u c t io n  of b u b b le s .
The c a p a c i ty  t o  e a r th  o f  th e  le a d  to  th e  c e n t r a l  
e l e c t r o d e  i s  m inim ized and made more n e a r ly  c o n s ta n t  
by  b r in g in g  th e  p la t in u m  w ire ,  which i s  s e a le d  th ro u g h  
th e  bo ttom  of th e  in n e r  tu b e ,  v e r t i c a l l y  th ro u g h  th e  
le n g th  o f t h i s  tu b e ,  where i t  i s  h e ld  t a u t  by b e in g  
s e a le d  a t  t h e  upper end in to  a  g l a s s  cup, i n t e g r a l  w ith  
th e  to p  of th e  c e l l .  With th e  same purpose  i n  view th e  
d iam e te r  of th e  c e n t r a l  tu b e  i s  f a i r l y  l a r g e  a t  th e  t o p .  
In  o rd e r  t o  minim ize th e  c a p a c i ty  between th e  le a d s  t o  
th e  two p l a t e s  th e  arm c a r ry in g  th e  le a d  to  th e  o u te r
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p l a t e  i s  spaced a t  l e a s t  3 t o  4 cm from th e  main tu b e .
T h is  c e l l  has  th e  advan tage  t h a t  no m a t e r i a l  
o th e r  th a n  t h e  d i e l e c t r i c  u nder t e s t  i s  in t ro d u c e d  
between th e  p l a t e s ,  and one p l a t e  i s  a lm ost co m p le te ly  
su rrounded  i n  a l l  d i r e c t i o n s  by  th e  second p l a t e .  Thus 
i t  i s  as n e a r  as p o s s ib le  to  an " id e a l"  condenser, 
i . e .  one f o r  which th e  c a p a c i ty  i s  p r o p o r t io n a l  t o  th e  
d i e l e c t r i c  c o n s ta n t  o f th e  medium in t ro d u c e d .
For s i l v e r i n g  th e  c e l l  t h e  s o lu t io n  recommended 
2.1
by Sugden i s  u sed , which i s  made up as fo l lo w s  :
(a )  8 gms. o f  g lu co se  a re  d is s o lv e d  i n  150 c . c .
of w a te r  c o n ta in in g  0 .5  c . c .  of n i t r i c  a c id ,  and th e
s o l u t i o n  b o i l e d  f o r  two m in u te s .  A f te r  c o o l in g  150 c . c .  
of a lc o h o l  a re  added. T h is  s o l u t io n  i s  s to r e d .
(b) 6 gms. o f s i l v e r  n i t r a t e  a re  d is s o lv e d  i n
100 c . c .  of w a te r ,  and ammonia s o lu t io n  i s  added u n t i l
th e  p r e c i p i t a t e  f i r s t  formed j u s t  r e d i s s o l v e s ;  70 c . c .  
of 3 p e r  cen t sodium h ydrox ide  s o l u t io n  i s  th e n  added, 
a f t e r  which th e  s o lu t io n  i s  j u s t  c le a r e d  by  a d d i t io n
of ammonia. I t  i s  made up t o  500 c . c .  w ith  d i s t i l l e d  
w a te r .  T h is  s o lu t io n  i s  always f r e s h l y  p re p a red  as 
r e q u i r e d .
A f te r  c le a n in g  w ith  a  h o t  m ix tu re  o f chromic and 
n i t r i c  a c id s  t h e  c e l l  i s  washed w e l l  w i th  d i s t i l l e d  w a te r
77
and d r i e d .  One p a r t  of s o l u t io n  (a )  i s  mixed w ith  t e n  
p a r t s  of s o lu t io n  (h) and in tro d u c e d  in to  th e  c e l l  
th ro u g h  th e  tu b e  le a d in g  t o  th e  bottom  of t h e  a n n u la r  
sp ac e .  When d e p o s i t io n  o f th e  f i lm  i s  com plete (about 
h a l f  an hour) th e  s o l u t io n  i s  w ithdrawn by s u c t io n  
th ro u g h  th e  same tu b e .  A f te r  about t h r e e  such l a y e r s  
have been  d e p o s i te d ,  t h e  i n s i d e  of th e  c e l l  i s  washed 
th o ro u g h ly  w ith  d i s t i l l e d  w a te r  and d r i e d .  As th e  f i lm  
i s  no t v e ry  s t a b l e  i n  d ry  s t a t e ,  t h e  c e l l  i s  k ep t f i l l e d  
w ith  d ry  benzene when n o t  i n  u s e .
The c a p a c i ty  of t h e  c e l l ,  w ith  a i r  as th e  medium, 
changes w ith  te m p e ra tu re  and hence th e  change of 
c a p a c i ty  w ith  r e s p e c t  t o  te m p e ra tu re  i s  de term ined  by  
an independen t expe rim en t.  I t  i s  found t h a t  t h e  c a p a c i ty  
o f th e  c e l l  changes l i n e a r l y  w ith  te m p e ra tu re .
As t h e  s i l v e r  c o a t in g  i s  n o t  v e ry  s t a b l e ,  th e  
d i e l e c t r i c  c e l l  cannot be c lea n ed  v e ry  e f f e c t i v e l y  
w ith o u t d e s t ro y in g  p a r t  o f t h e  s i l v e r  c o a t in g .  So, f o r  
ev e ry  l i q u i d  used  th e  d i e l e c t r i c  c e l l  was f r e s h l y  
s i l v e r e d ,  c a l i b r a t e d  w ith  a  known l i q u i d  (benzene) and 
u sed .
The low er t h r e e  q u a r te r s  le n g th  o f th e  c e l l  o n ly  
was s i l v e r e d  and c a re  was ta k e n  t o  see  t h a t  th e  d i e l e c t r i c
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covered  th e  whole s i l v e r e d  p o r t io n  a l l  th e  t im e . 
T h is  was e a s i l y  ach ieved  by f i l l i n g  th e  d i e l e c t r i c  
c e l l  co m p le te ly  a t  room te m p e ra tu re  and i n  no case  
d id  th e  l e v e l  o f th e  l i q u i d  go below t h e  s i l v e r e d  
s u r f a c e  due t o  th e rm a l  c o n t r a c t io n .
The r e s u l t s  a re  v e ry  s t a b l e  and r e p ro d u c ib le ,  
and th e  fo l lo w in g  t a b l e  shows a  com parison of some 
of th e  p re s e n t  r e s u l t s  w ith  o th e r  p u b lish e d  r e s u l t s .
L iq u id Tem perature
P re s e n t
E x p er im en ta l
Value
P u b lish e d
Value
m -xylene 20°C 2.36 2 .27
Thiophen 20°C 2.764 2.769
1°C 2.832 2.837
0 -x y len e 21°G 2.517 2.515
1 ,1 ,1  T r i c h lo r o -  
e than e 20°C 7 .18 7 .18
C hlorobenzene 25°C 5.58 5.58
lodobenzene 21°C 4 .59 4 .69
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3. Measurement of V i s c o s i t y ;
An i d e a l  f l u i d  i s  n o t  capab le  of s u s t a in in g  
s h e a r in g  s t r e s s e s *  However, i n  r e a l  f l u i d s  sh e a r in g  
s t r e s s e s  occur when d i f f e r e n t  p a r t s  o f th e  f l u i d  move 
w ith  d i f f e r e n t  v e l o c i t i e s  and th e  f l u i d s  a re  th e n  s a id  
t o  p o s s e s s  v i s c o s i t y .  T his  i s  a t t r i b u t e d  t o  i n t e r n a l  
f r i c t i o n a l  f o r c e s  s e c u r in g  between t h e  f l u i d  p a r t i c l e s ,  
th e  f o r c e  F p e r  u n i t  a r e a  r e q u i r e d  t o  m a in ta in  a 
c o n s ta n t  v e l o c i t y  g r a d ie n t  i n  th e  l i q u i d
F = 7A ^
where 7 i s  t h e  c o e f f i c i e n t  o f  dynamic v i s c o s i t y .
F or homogeneous f l u i d s  T i s  a  c h a r a c t e r i s t i c  con­
s t a n t  f o r  each f l u i d  f o r  a  g iv en  te m p e ra tu re  and
—I —I
p re s s u r e ;  i t s  d im ensions a re  ML T and th e  u n i t  i s  
th e  p o i s e .  The r a t i o  VyP where P  i s  th e  f l u i d  d e n s i ty ,  
i s  known as th e  k in em a tic  v i s c o s i t y  and t h i s  i s  
m easured i n  s to k e s .
R e la t iv e  measurements o f v i s c o s i t y  a r e  e a s i l y  
made u s in g  U -tube v is c o m e te rs .
A t y p i c a l  U -tube v isc o m e te r  i s  shown i n  t h e  
f i g u r e .  Suppose a  c o n s ta n t  volume of th e  l i q u i d  in
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th e  l e f t  hand limb i s  a llow ed  
to  flow  down th ro u g h  th e  tu b e  
de . Then th e  flow  may be 
c o n s id e re d  t o  be caused by an 
average  head H, which i s  con­
s t a n t ,  s in c e  th e  volume of 
th e  l i q u i d  used  i s  c o n s ta n t .  
The average  p r e s s u r e  i s  
t h e r e f o r e  p r o p o r t io n a l  t o  Hg 
so t h a t  f o r  a  l i q u i d  of 
dynamic v i s c o s i t y  and 





where I  = l e n g th  of th e  c a p i l l a r y  tu b e .
t ,  = tim e ta k e n  f o r  t h e  volume V to  flow  th ro u g h . 
X = r a d iu s  of th e  c a p i l l a r y  tu b e .
S im i l a r ly  f o r  a  d i f f e r e n t  l i q u i d ,
« t .
Co = TT Hq ÛL8 IV
from which a  com parison can be made.
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However, a f t e r  a p p ly in g  c o r r e c t io n s  because  some 
of th e  p re s s u re  d i f f e r e n c e  between th e  two ends o f th e  
tu b e  i s  used to  communicating k i n e t i c  energy  t o  th e  
l i q u i d ,  and because  t h e r e  i s  an e x p e n d itu re  o f  energy  
due to  d i f f e r e n c e s  of v e l o c i t y  between a d ja c e n t  l i n e  
of flow  as th e  l i q u i d  converges on th e  tu b e ,  i t  can be 
shown t h a t
■^  = A-t -
where A and B a re  c o n s ta n ts  f o r  a  g iv en  v isc o m e te r .  
Thus Zl = -  &
A. and B a re  found by  measurements of l i q u i d s  
hav ing  known k in em a tic  v i s c o s i t i e s .  Thus, knowing th e  
c o n s ta n t s ,  th e  k in em a tic  v i s c o s i t y  can be c a lc u la te d  
by experim ent a l l y  o b se rv in g  th e  t im e  of f low .
In  th e  p re se n t  ex pe rim en t,  t h e  two f r e e  ends of 
th e  v isc o m e te r  were r i g i d l y  f ix e d  t o  a  m e ta l  h o ld e r  
which i n  t u r n  could  be screwed on to  a r i g i d  sup po rt  
th e re b y  en su r in g  e x a c t ly  th e  same p o s i t i o n  every  t im e .  
Benzene and cyclohexane were used t o  d e te rm in e  th e  
c o n s ta n ts  A and B, b o th  th e  experim en ts  b e in g  c a r r i e d  
out a t  18^0. The v isc o m e te r  was immersed i n  th e
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c o n s ta n t  te m p e ra tu re  b a th  t o  such a  d ep th  t h a t  th e  
h ig h e s t  l e v e l  o f th e  l i q u i d  i n  th e  v isc o m e te r  always 
was below th e  l e v e l  of th e  b a th  l i q u i d .  Care was 
ta k e n  t o  see  t h a t  o n ly  c le a n  d ry  a i r  e n te re d  th e  
v isc o m e te r ,  th u s  av o id in g  fo rm a tio n  of i c e  in s id e  
th e  v isc o m e te r  a t  low te m p e ra tu re s .  This was e a s i l y  
accom plished  w ith  t h e  h e lp  o f two tu b e s  f i l l e d  w ith  
anhydrous ca lc ium  c h lo r id e  connected  to  th e  two open 
lim bs of th e  v isc o m e te r .
The l e v e l  of th e  l i q u i d  
i n s id e  t h e  v isc o m e te r  was 
always a d ju s te d  t o  th e  
l e v e l  g "so t h a t  a t  eve ry  
te m p e ra tu re  th e  volume of 
l i q u i d  u sed  was th e  same. 
T his  was done as shown i n  
th e  d iagram . As th e
\ 7  04
"To
l i q u i d  c o n t r a c t s  w ith  d e c re a se  i n  tem p e ra tu re  th e  l e v e l  
i s  b ro u g h t up to  g by c a r e f u l l y  dropp ing  th e  l i q u i d  
from th e  f u n n e l .  As i t  always ta k e s  a  long tim e t o  
re ach  te m p e ra tu re  e q u i l ib r iu m , i t  was d e s i r a b le  to  blow 
th e  l i q u i d  up t o  th e  mark b and a llow  i t  t o  f a l l  th ro u g h  
th e  c a p i l l a r y  tu b e  a coup le  o f t im es  b e fo re  t a k in g  th e
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a c tu a l  r e a d in g .  The t im e  ta k e n  f o r  th e  l i q u i d  t o  f a l l  
from  h t o  C was de te rm ined  w i th in  an a c c u ra c y  of - 0 .^ 1  sec 
and th ro u g h o u t  th e  experim en t th e  te m p e ra tu re  was 
c o n t r o l l e d  t o  -O .l^ C .
The g r e a t e s t  c a re  h as  t o  he ta k e n  i n  c le a n in g  th e  
v is c o m e te r  so t h a t  n o t  even a  s i n g l e  p a r t i c l e  of d u s t  
rem ains i n  i t .  T h is  was done by  c le a n in g  w ith  a  m ix tu re  
of n i t r i c  a c id  and a l c o h o l ,  t h e  two l i q u i d s  t o  be mixed 
in  th e  v is c o m e te r  and n o t  o u t s id e .  I t  was th e n  th o ro u g h ly  
c le a n e d  w ith  d i s t i l l e d  w a te r  and d r ie d  w ith  c le a n  d ry  a i r .
Two ty p e s  of v is c o m e te rs  were used  th ro u g h o u t  th e  
experim en ts^  V iscom eter C f o r  l i q u i d s  w ith  h ig h  
v i s c o s i t y ,  l i k e  N i t ro  Benzene, and v isc o m e te r  B 188 f o r  
l i k e  ch lo ro b e n zen e , e t c .
The fo l lo w in g  shows a  com parison of some of th e  
p re s e n t  r e s u l t s  w ith  th e  o th e r  p u b l is h e d  r e s u l t s .
L iq u id
m -xylene
p -x y le n e
Q u in o lin e
Bromobenzene
1 , 1 ,1  T r i c h lo r o -  
e th an e
C hloroform








P re s e n t  E x p e r im en ta l  P u b l ish e d  
e V alue c
30^0

















4. Measurement of D e n s i ty :
An o r d in a r y  pyknom eter was used  t o  de te rm ine  th e  
d e n s i ty  o f  t h e  l i q u i d s  i n  th e  te m p e ra tu re  rang e  
+ 50°C t o  -  50°C.
U n lik e  t h e  o th e r  m easurem ents th e  experim ent was 
done s t a r t i n g  from  low er te m p e ra tu r e s .  I t  was con­
v e n ie n t  t o  do t h i s  way as th e  l i q u i d s  expand on 
in c r e a s in g  th e  te m p e ra tu re  and hence th e  d i f f i c u l t  
t a s k  of k ee p in g  th e  volume o f th e  l i q u i d  i n s i d e  th e  
pyknom eter c o n s ta n t  was overcome. A v e ry  a c c u ra te  
b a la n c e  was used  ( re a d in g  t o  f o u r  f i g u r e s )  t o  do th e  
w eigh ings  and benzene was used  as a  s ta n d a rd  l i q u i d  
t o  d e te rm in e  th e  volume of t h e  pyknom eter.
The r e s u l t s  a r e  a c c u r a te  t o  about one p a r t  i n  a  
th o u san d , and th e  fo l lo w in g  g iv e s  a .c o m p a riso n  of
some of t h e  p r e s e n t  e x p e r im e n ta l  r e s u l t s  w i th  th o s e
2. 2.
p r e v io u s ly  p u b l i s h e d .
l l a u i d  I f f j e r a t u r e  a x -
M-xylene 20°C 0 .86 4 0.864
0°C 0 .88 1 0 ,8 81
P -x y len e 20°C 0.8605 0 .861
Q u in o lin e 0°C 1 .114 1.110
20°C 1.098 1.094
Bromobenzene 20°0 1.495 1.495
0°C 1.522 1.522
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P u r i f i c a t i o n  of l i q u i d s
A l l  th e  l i q u i d s  were bought from  th e  com m ercial 
a g e n ts .  They were a l l  f r a c t i o n a l l y  d i s t i l l e d  and d r ie d  
w ith  th e  a p p r o p r ia te  d ry in g  a g e n ts .  B efo re  making 
m easurem ents on any l i q u i d ,  i t  was checked f o r  i t s  
d ry n e s s .  T h is  was e a s i l y  done by c o o l in g  th e  l i q u i d  to  
n e a r  i t s  f r e e z in g  p o in t  i n  a g l a s s  U tu b e  ( i n i t i a l l y  
f i l l e d  w ith  d ry  a i r ) .  The p re se n ce  of even th e  
s l i g h t e s t  q u a n t i t y  of w a te r  shows i t s e l f  in  th e  
s e p a r a t io n  of i c e ,  which cou ld  be e a s i l y  see n . Some 
l i q u i d s ,  however, d id  n o t  show any p re se n ce  of w a te r  
a f t e r  f r a c t i o n a l  d i s t i l l a t i o n .  T h is  was g e n e r a l l y  t r u e  
of th o s e  l i q u i d s  w ith  b o i l i n g  p o in t s  no t in  th e  
neighbourhood  of w a te r .  However, as a l l  t h e  l i q u i d s  
had t o  be s to r e d  f o r  some tim e  th e y  were a l l  k ep t  
w ith  th e  a p p r o p r ia te  d ry in g  a g e n ts .
B efo re  th e  l i q u i d s  were a c t u a l l y  used th e y  were 
f i l t e r e d  t o  g e t  r i d  of th e  d ry in g  a g e n ts ,  t a k in g  c a re  
t o  see  t h a t  th e  f i l t e r  p ap e r  was a b s o lu t e ly  d ry .  This 
was done by warming th e  f i l t e r  p ap e r  w ith  ho t a i r  and 
k ee p in g  i t  in  a d e s i c a t o r  c o n ta in in g  anhydrous 
ca lc iu m  c h lo r id e .
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The fo l lo w in g  shows th e  B .P . and th e  P. P. o f a l l
th e  l i q u i d s  a long  w ith  th e d ry in g a g e n ts  u sed .
B .P . P .P . D rying  agen t
Bromobenzene 156''C -3 1  C Anhydrous
lodobenzene IBS'* C -3 1  C II Ca
e o
1 ,1 ,1  T r io h lo ro e th a n e 74 C -32 C II
Chloroform 61 C -63° c II C o .
N itro b en z en e 210° C + 6*0 II Ca K
2 -c h lo ro -2 m e th y l  propane 51 C -25° C II C , . d l v
C hlorobenzene 132° C -45* C II
p -x y le n e 138' C +13° 0 II
o -x y len e 144 C -25° C II
M ethyl a lc o h o l 64' C -97° C None
Q u in o lin e 237° 0 -15° C Anhydrous C ^d .^
i s o - q u i n o l in e 243° C +26° 0 None
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Ac cm. Ac cm. Ac cvw
50 5.03 4.20 1.34 2.83 0.87 2.14 2.25 2.22
40 5.18 4.16 1,40 2.83 .81 2.77 2.52 2,60
30 5.32 4.12 1.43 2.82 .76 2.98 2.83 2.88
20 5,45 4.07 1.46 2.82 .70 3.25 3.22 3,23
10 5.60 3 .99 1,44 2.82 ,64 3.62 3.66 3,65
0 5.74 3.89 1.40 2.81 ,58 4,08 4.20 4,16
-10 5.89 3 .77 1,34 2.81 .52 4,69 4.85 4.80
-20 6.04 3.63 1.24 2.80 .46 5,61 5.68 5.65
-30 6.18 3 .47 1.10 2.80 .40 6.93 6.59 6.75
-35 6.25 3.37 1.03 2.80 ,37  ^ 7 .95 7,30 7.60
-3 8 .5 6.30 3.30 1,00 2.80 .35 8.77 7.88 8.29
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45 6.40 6.37 1.24 4.46 2.28 1.19 0.97
40 6.56 6 .49 1.26 4.44 2.29 1.14 1.00 1.00
30 6.85 6.70 1.32 4.38 2.33 1.12 1 .07 1 .07
20 7.18 6.92 1.40 4.33 2.36 1 .11 1 .14 1 .14
10 7.56 7.14 1.52 4.28 2.40 1.12 1 .21 1.20
0 7.92 7.35 1.70 4.22 2.33 1^23 1.37 1.35
-10 8.35 7.56 1.94 4.12 2.25 1.38 1.60 1.57
-20 8 .87 7 .77 2.27 4.02 2.17 1.58 1.89 1.84
-30 9.15 7.82 2.64 3.92 2.08 1.82 2.17 2.10
-35 9 .41 7.77 2.81 3.87 2.04 2.00 2.32















30 4.64 4.66 0.85 3.25 1.30
20 4.81 4.79 0.94 3.22 1.26 1.48 1.33 1.33
10 5.00 4.84 1.07 3.18 1.22 1I 59 1.47 1.48
0 5.19 4.93 1.15 3.15 1.17 1.64 1.65 1,65
-10 5.40 5.00 1.26 3 .10 1.12 1.73 1.88 1.86
-20 5.51 5.04 1.36 3 .08 1.07 1.79 2.05 2.01
-30 5.75 5.05 1.47 3.04 1.03 2.02 2.31 2.25
-40 5.95 4.96 1.60 3 .01 0.98 2.27 2.60 2.51
-50 6.14 4.75 1.66 2.97 .93 2.66 2.91 2.84
—50 6.33 4.57 1.75 2.93 .88 3.14 3.35 3.28
-70 6 .51 4.33 1.84 2.89 .84 3.78 3.72 3.74
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2 c h lo r o -  2 m ethyl propane
= x.o.skicv.. ^ ^ w eigh ted
Temp, , . mean
On ^  ^  ^  ^ Ac cm, Ac cm, Ac cm.
25 9.58 9.30 2.06
20 9.90 9^50 2.13 6.70 4.02 1.00 0.77 0.79
10 10,51 9.86 2.29 6.53 4.12 1 .01 .84 .86
0 11.15 10.25 2.51 6.35 4.23 1.03 .93 .95
-10 11.78 10^65 2.95 6.18 4.33 1.23 1.09 1 .11
-20 12.42 11.00 3 .41 6.01 4.35 1 U 2 1.26 1.29

















50 30.60 9 .00 14.42 4.05 4 .65 5.52 4 .38
40 32.20 8.15 13.24 4.11 4 .22 6.29 5.41
30 34.10 7 .45 12.02 4 .17 3.85 7.28 5.84
20 35.00 7 .12 10.85 4 .23 3.50 8.28 6.16
10 37.80 6.82 9 .70 4 .30 3.15 9 .50 6.46
5 38.70 6 .70 9 .12 4 .33 2.95 10.12 6.51
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50 2,218 2 ,20 0 .0 4 2 .2 9 0 .14
40 2 .237 2.22 .03 2 .2 9 .14
30 2.254 2 .24 .02 2 .30 .14
20 2.265 2 .26 .01 2 .31 .13
15 2.270 2 .26 .00 2 .32 .11
10 2.275 2 .27 ,0 0 2.33 .11
5 2.288 2 .27 .00 2.33 .10
O -xylene
30 2.488 2 .47 0 .1 1 2 .3 8 0.23
20 2 .517 2 .49 .09 2 .39 .2 1
10 2.550 2 .51 .08 2 .40 .19
0 2.580 2.52 .08 2 .41 .17
-1 0 2 .610 2 .52 .08 2 .42 .14
-2 0 2 .631 2 .52 .10 2.43 .12
-25 2 .637 2 .51 .10 2 .43 .11
-30 2 .645 2 .5 1 .1 1 2 .44 .10
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Thioulien
X = 3 . 279 cm A — 0 ♦847 cm
Temp.“c ÉC
1
e & I6 II
50 2.665 2.66 0 .1 1
40 2 .699 2 .6 9 .10 2.66 0 .26
30 2.735 2 .72 .09 2 .66 .25
20 2.769 2.75 .08 2.66 .24
10 2.805 2 .79 .04 2.66 .24
0 2.837 2 .82 .03 2.66 .23
-10 2.872 2.86 .03 2 .66 .22
-20 2.906 2 .90 .03 2 ,66 .2 1
-30 2 .941 2.93 .03 2 .66 .20
-35 2 .957 2 .94 .04 2 .66 .20
-4 0 2.977 2.95 .04 2 .66 .20
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Liq,uid b b ^
Bromobenzene 0 .62  0 .60  3 .2
C hloroform  0 .58  0.53 8 .6
1 ,1 ,1  T r io h lo ro e th a n e  0 .69  0 .65  5 .8
2 -c h lo ro -2  m ethy l propane 1 .06  1 .00  5 .7
Chlorohenzene 0 .83  0 .80  3 .6
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E x p erim en ta l  a c c u ra c y .
1) The complex d i e l e c t r i c  c o n s ta n t .
As m entioned b e f o re ,  a t  3 .279 cm, i s  r e p ro d u c ib le
to  ( % and f  t o  b e t t e r  th a n  o.os* de,
Thus to  a  f i r s t  app rox im ation ,
N  r «  A ,  ^
'  V  'T y p ic a l ly  r - -7 =  8 .45  dB. An e r r o r  of 0 .05  dB amounts
z. zto  1/  ^ i n  p . The e r r o r  i n  B i s  th e r e f o r e  about 1^ and
z  V
t h a t  i n  A about 2%.
ai>d '  ^
Since  , th e  e r r o r  i n  e  i s  about +0.01
w h ile  t h a t  i n  <=' i s  P . 02 .
At 0 ,847  cm th e  r e f l e c t i o n  c o e f f i c i e n t  depends on 
th e  f o u r t h  power of t h e  co s in e  of th e  ang le  o f th e  
c a l i b r a t e d  a t t e n u a t o r  and t h i s  i s  r e p ro d u c ib le  to  o ,05^ . 
Hence th e  e r r o r  i n  V i s  ex trem e ly  sm a ll  of th e  o rd e r  of 
0.2/o.
B -  and ^ ______' ~ ^
n  V - + 1 4-f' '  + x f  OA4"
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dp depends on th e  s h i f t  i n  th e  minimum and t h i s  i s  
r e p ro d u c ib le  to  about o.oozxin* lb.e a c tu a l  c a l c u la t i o n s  
of é and <c" on th e  b a s i s  o f th e  above r e p r o d u c i b i l i t y
I (f
g iv e s  a  maximum random e r r o r  of + 0 .0 1  f o r  b o th  e and <= 
which a re  independen t of th e  a c tu a l  v a lu e s  of i  and e ' .
2) The s t a t i c  d i e l e c t r i c  c o n s ta n t .
The e r r o r  i n  t h i s  i s  c o n s id e ra b ly  l e s s  th a n  1^ and 
i s  n e g l i g i b l e  compared w ith  th e  e r r o r  o f (É* .
3 ) The r e l a x a t i o n  t im e .
^ <c’T h is  i s  e f f e c t i v e l y  c a lc u la te d  from ^
T y p ic a l ly  o r  6 - i s  of th e  o rd e r  2 w hile  th e
u n c e r t a i n ty  of  ^ i s   ^ 0 .0 3 . The u n c e r t a in ty  i n  i s  of
«a
th e  o rd e r  1 .5 ^ .  The e r r o r  i n  A^is t h e r e f o r e  of th e  o rd e r  
4^ a l th o u g h  th e  e r r o r  i n  th e  r e l a t i v e  v a lu e s  a t  d i f f e r e n t  
te m p e ra tu re s  i s  a p p re c ia b ly  l e s s .  I n  most ca ses  th e  
v a lu e s  of A^ c a lc u la te d  from  th e  two d i f f e r e n t  w avelengths 
ag ree  w i th in  th e s e  l i m i t s .  The ca ses  i n  which t h i s  i s  
no t so a re  d is c u s se d  f u r t h e r  i n  th e  n ex t  s e c t io n .
4) V is c o s i ty  and d e n s i t y .
The d e n s i t i e s  a re  a c c u ra te  t o  + 0 .1 ^ .
Plow tim es  a re  measured t o  0 .1  s e c .  i n  t o t a l  t im es  
of th e  o rd e r  200 s e c .  o r  more. S ince  ^ i s
a c c u ra te  t o  0.155^.
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The tem p e ra tu re  was h e ld  c o n s ta n t  t o  0 .1 ^ 0 . A 
te m p e ra tu re  change of 0 .1^0  co rresp onds  t y p i c a l l y  
to  a  change of 0 .1 5 ^  i n  • The s c a t t e r  of th e  
e x p e r im e n ta l  p o in ts  about th e  s t r a i g h t  l i n e  i n  th e  
g raphs of "Y vs V co rresp o n d s  in  extrem e cases  to  
a  v a r i a t i o n  i n  of th e  o rd e r  1^ o r  i n  V of th e  
o rd e r  0 .2 ^ .
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CONCLUSION
1. V i s c o s i t y measurements ;
The p re se n t  v i s c o s i t y  measurements a llow  
i n v e s t i g a t i o n  of th e  dependence of v i s c o s i t y  on 
tem p e ra tu re  over much g r e a t e r  range th a n  has been 
done b e f o r e .  Graphs (pages 11 6 to  i&u) show p lo t t e d  
a g a in s t  th e  s p e c i f i c  volume of th e  l i q u i d s .  In  every  
case  excep t Q uino line  th e  graph  i s  a s t r a i g h t  l i n e .
Thus, th e  tem p e ra tu re  dependence of th e  v i s c o s i t y  a t  
norm al p re s s u re  of a l a r g e  number of l i q u i d s  can be 
d e s c r ib e d  s u c c e s s f u l l y  by  B a ts c h in s k is  r e l a t i o n
1  - -
where A and b a re  c o n s ta n ts  and V i s  th e  s p e c i f i c  volume
Graphs on page iz % a re  p l o t t e d  based  on th e
&
e x p o n e n t ia l  r e l a t i o n s h i p  i A which as can be seen  
does n o t  a,ccount f o r  th e  te m p e ra tu re  dependence 
a d e q u a te ly  f o r  any of th e s e  l i q u i d s .
1 ^  2.3
The r e l a ^ t i o n ^  ^ sug ges ted  by Andrade shows
no a p p re c ia b le  improvement over th e  s im ple  e x p o n e n tia l
r e l a t i o n s h i p .
V is c o s i ty  measurements a t  low te m p e ra tu re s  and
in  p a r t i c u l a r  a t  su p erco o led  l i q u id  s t a t e s  has made i t
Ap o s s ib le  to  uphold B a ts c h in s k i s  r e l a t i o n  r a t h e r
$
than- th e  e x p o n e n tia l  r e l a t i o n  - A e . No d i s c o n t i n u i t y  
i s  a p p a re n t  between th e  o rd in a ry  l i q u id  and su perco o led  
s t a t e s .
I l l
2 D is p e rs io n  measurements ;
The g raphs ( p a g e s /5 o to ///?) show th e  v a r i a t i o n  of 
^6 and 6" w ith  tem p e ra tu re  a t  w avelengths of 3 .279 cm 
and 0 .847 cm.
The r e s u l t s  were f i r s t  f i t t e d  to  th e  eq u a tio n
 ^  ^to \■■ -a —------- ;------- » (-oC
^0-6 to (I -
bu t t h i s  le a d s  to  n e g a t iv e  v a lu e s  of i n  some c a s e s .
The v a r i a t i o n  of << of a l l  th e  l i q u id s  w ith  tem p era tu re  
i s  shown on page/03<, In  a l l  ca ses  << i s  more n e g a t iv e  a t  
h ig h e r  te m p e ra tu re s  te n d in g  tow ards zero  or p o s i t iv e  as 
i t s  f r e e z in g  p o in t  i s  approached . In  a l l  ca se s  o th e r  th a n  
Bromobenzene and Chloroform  << i s  no t l e s s  th an  -0 .1 3  a t  50*0 
b u t  in  th e  above two c a se s  i t  i s  as low as -0 .3 0  a t  50*0
o
or l e s s .  N itrobenzene  whoseeB.P. i s  +210.8 0 g iv e s  a va lue  
of <  of +0.31 a t  2*0 and +0.04 a t  50*0, th u s  te n d in g  
tow ards a n e g a t iv e  v a lu e  of a t  s t i l l  h ig h e r  te m p e ra tu re s .  
The tend ancy  of <  to  become n e g a t iv e  a t  h ig h e r  tem p e ra tu re s  
i s  o b se rv a b le  a ls o  in  o th e r  r e s u l t s  in  th e  l i t e r a t u r e .  
However, as a  n e g a t iv e  v a lu e  of << has no p h y s ic a l  
s i g n i f i c a n c e ,  in  a l l  such ca ses  < was ta k e n  as zero  and
th e  e q u a tio n  ^
•0 to
used to  c a l c u la t e  th e  c r i t i c a l  w avelength  A =2tcc T
R e s u l ts  (pages 9 / t o  9 g ) show re a s o n a b ly  c o n s i s ta n t  
v a lu e s  of A^ from th e  two e x p e r im e n ta l  w avelengths except
f o r  N i t ro b e n z e n e ,  lodobenzene, Q uino line  and i s o - q u in o l in e .
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The d ie le c t r ic  con stan ts o f o -x y len e , p -xylene  
and Thiophen (pages qcj t o  l o o )  g iv e  va lu es of e  so c lo se  
to  th a t of th at no s ig n if ic a n t  in feren ce  can he
drawn as i s  zero w ith in  experim ental error.
Graphs (pages y ^ s t o s h o w  -1 - p lo tte d  aga in st  
s p e c i f ic  volume and th ese  can a l l  be f i t t e d  in to  
s tr a ig h t  l in e s  w ith in  th e experim ental error except 
fo r  2 -ch lo ro -2  m ethyl propane. The estim ated  error in  
Ag depends on and 6 . The error in  t  and e' i s
estim ated  to  be 4^0.01 and +0.02 r e s p e c t iv e ly  at 3 .279 cm 
and +0.01 at 0 .847 cm th e error being th e  same in  both  
th e q u a n t it ie s ,  the error in  being n e g l ig ib le  in  
comparison. The error in  A^depends on th e r e la t iv e  
va lu es o f A and A^but i s  t y p ic a l ly  about 5^.
The weighted mean of A^from th e two wavelengths
was ca lcu la ted  by
\  (w eighted mean) = at Ô. w
b‘ was c a lcu la ted  from —  % A(v-b') and b from th e*
v i s c o s i t y  measurements namely •= . The percentage
h h*d iffe r e n c e  g iv e s  a measure of d ev ia tio n  from
Debye th eory , l . e . ^  ^  . I n  a l l  cases t h is  q u an tity  
Ah i s  non zero but th ere  i s  a tendency fo r  i t  to  be\d
sm aller  the g rea ter  th e  m olecular as symmetry. I . e .  th e  
more d i f f i c u l t  fo r  th e m olecule to  turn w ithout
113
d isp la c in g  i t s  neighbours. The r e s u lt s  of x loo are
a
shown on page / 0 .
The fa c t  th a t h i s  always sm aller  than h su ggests  
th a t l e s s  fr e e  volume i s  required  fo r  m olecular  
r o ta t io n  than fo r  v isco u s  flow  so th a t v a r ie s  l e s s  
r a p id ly  w ith  tem perature than U does. The c la s s  It 
substances which show d ip o le  r o ta tio n  in  th e  s o l id  
s ta te  thus d i f f e r  from th e C lass I l iq u id s  in  degree 
ra th er  than in  k ind .
The d iscrep a n c ies  between th e  va lu es o f found 
at d if fe r e n t  wavelengths in  th e  ca ses  of lodobenzene, 
Q uinoline and is o -q u in o lin e  (pages 9 7 to  98 ) are a lso  
observable in  th e h ith e r to o  published  r e s u l t s ,  (page: t or )  
and su ggest breakdown of any law of th e  k ind,
-  6
The measurements done fo r  th ese  th ree  l iq u id s  at 
w avelengths of 29.89 cm and 19.88 cm (r e s u lt s  on pages 97 
to  9 9 ) su ggest th a t th ere  may be a second d isp ers io n  
reg ion  lea d in g  to  abnormally h igh  va lu es of é at th e  
sh o rter  w avelengths. However, no d e f in it e  con clu sion  
can be reached u n le ss  th e  va lu es of e^for th ese  l iq u id s  
are found out covering a wide range o f fr eq u e n c ie s .
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Graphs o f  th e  e x p e r im e n ta l  r e s u l t s :
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